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Abstract 

This thesis focuses on various aspects of ultra-low voltage (ULV) and ultra-low power (ULP) 
digital design. There are some demanding tasks that needs to be solved, e.g. better yield and 
decreased chip cost. Performance degradation combined with a high sensitivity against 
process, temperature and voltage (PVT) variations are the primarily challenges that have kept 
circuits operated at voltage supplies below the inherent threshold voltage in applications with 
low activity. The ULV logic style provides an increased voltage swing at gate terminals of the 
transistors compared to conventional logic which results in faster operation. The ULV logic 
style holds some major advantages against conventional logic in terms of performance, but 
also has challenges regarding the sensitivity against PVT variations.  

A new logic style named Two-Phase Dynamic Ultra-Low Voltage (TP-DULV) logic is 
developed. The new logic style uses the increased gate voltage swing from the ULV FG 
technique and introduces a new concept for ensuring a higher tolerance against random 
process variations. The TP-DULV logic provides virtual voltages at the gate terminals of the 
transistors which are below or above the supply voltage rails, decreasing the delay and the 
supply voltage needed to guarantee above threshold voltage operation. The reduced supply 
voltage needed to ensure above threshold voltage operation despite of PVT variations may be 
extra interesting for ULV applications using energy harvesting techniques. If the energy 
harvesting system used in a design originally provides a lower voltage supply than what is 
requested by the design, the conversion into the requested voltage supply may add expenses 
in terms of area and lost energy that may even be comparable to the design itself.  

Furthermore, the proposed TP-DULV logic style has similarities to ULV, dynamic and pass-
transistor logic, and serves a 2.5 times larger gate voltage swing compared to conventional 
logic and a 1.4 times larger gate voltage swing compared to ULV logic. The increased voltage 
swing provides additional speed and robustness. An AND2 gate was simulated using and 
without using the gate voltage boosting ULV FG technique. The AND2 gate using the ULV FG 
technique, in other words the TP-DULV AND2 gate, demonstrated maximum switching delays 
more than 330 times lower than the AND2 gate that did not use the ULV FG technique.  

Furthermore, for well-designed systems, improved performance comes at the expense of 
increased dynamic power contributions. To lower the total energy consumption of ULV and 
ULP systems, the design may be put in a sleep-mode when no operations are needed. The 
transitions between the active mode and the sleep-mode could be triggered by a performance 
non-critical always-on circuit that may be implemented in conventional logic. A conventional 3-
inputs XOR gate was simulated using standard-threshold transistors, and the results where 
compared with a version using high-threshold transistors, both transistor types available from 
the library of the adopted technology. The simulations where made to investigate the possible 
savings of using less leaky transistors in cases where the static power contribution is critical. 
The average power consumption of the XOR gate using high-threshold transistors were 
approximately 4% compared to the standard-threshold implementation.  
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Acronyms 

CLM    Channel length modulation 
CMOS    Complementary metal-oxide-semiconductor 
CPU    Central processing unit 
EDP    Energy delay product 
FBB    Forward body biasing 
FG    Floating Gate 
IC    Integrated circuit 
𝐼      Drain-source current 
𝐼      On-current 
IF    Imbalance factor 
MEP    Minimum energy point 
MOSFET   Metal-oxide-semiconductor field-effect transistor 
PDP    Power delay product 
PDDDP   Power delay-delay-delay product 
PVT    Process, voltage and temperature 
RBB    Reversed body biasing 
SoC    System on chip 
TSMC    Taiwan Semiconductor Manufacturing Company  
UDVS    Ultra dynamic voltage scaling 
ULV    Ultra low voltage 
ULP    Ultra-low power 
𝑉      Drain-source voltage 
𝑉      Gate-source voltage 
VLSI    Very large scale integration 
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1 Introduction 

Managing power consumption in today’s portable devices is emerging as one of the greatest 
concerns for designers. The evolution of batteries is far more restrained compared to the 
progress in electronic circuitry. The technology scaling provides more functionality per unit 
area, higher speed and reduced switching energy, but also increased leakage power. As the 
dimensions of MOSFETs diminish the voltage applicable to the terminals for a reliable 
operation shrink. To keep the performance for lower voltages the threshold voltage is also 
reduced. Unfortunately, lower threshold voltages also bring higher off-currents. This requires 
techniques for lowering power dissipation in battery-driven circuits, especially if the batteries 
are hard to recharge or change [1] [2]. 
New power supply technologies such as energy harvesting and printable batteries are other 
reasons to decrease the power dissipation. Transistors operating in subthreshold mode handle 
very low current density levels and are well-suited for low energy and low power applications. 
Hence, Ultra-Low Power (ULP) design usually translates to Ultra-Low Voltage (ULV) design. A 
decrease in the supply voltage leads to a quadratic decrease in the switching energy 
consumption, and unfortunately an equal reduction in speed. Subthreshold circuits are ideal 
for applications where performance is not critical, but energy consumption is [1] [3].  

Ultra-low voltage operation offers some great opportunities in terms of low energy 
consumption, and the new proposed logic style Two-Phase Dynamic Ultra-Low Voltage (TP-
DULV) logic may provide increased performance.  

1.1 Thesis Outline 

2 Background introduces the complementary metal-oxide-semiconductor (CMOS) 
technology, and the MOSFET’s regions of operation together with differences between various 
transistor configurations in the adopted technology (TSMC Nexsys® 90nm). In this chapter 
the concepts of static and dynamic logic are also analysed, as well as the concept of power, 
energy, delay, and methods for harvesting energy. The background is helpful for understanding 
the proposed Two-Phased Dynamic Ultra-Low Voltage logic design. 

 
3 Subthreshold and Ultra-Low Voltage Design informs about previous work in the field. 

Disparities between transistor sizing in subthreshold and above threshold, and challenges 
associated with ultra-low voltage design are brought forward. In this section the transistor 
behaviours at ULV’s in the adopted technology are deeply investigated. Design strategies for 
providing trustworthy high-performance ULV operation, and how to ensure a low static power 
contribution at low supply voltages when performance is not critical, are examined.  

 
 4 ULV Floating Gate Logic examines the Ultra-Low Voltage Floating Gate (ULV FG) 

logic. The principles, and the pros and cons, are thoroughly examined.   
 
5 Two-Phase Dynamic Ultra-Low Voltage Logic introduces the TP-DULV logic. The 

principles, similarities and differences of the new proposed logic style compared to ULV logic 
and dynamic logic are explained. The advantages and the disadvantages that TP-DULV logic 
holds against other logic styles are brought forward. 

 
6 ULV VLSI Digital Design with TP-DULV Logic proposes design methods for very large 

scale integration (VLSI) ULV and ULP digital design using TP-DULV logic blocks for 
performance critical operations and slower always-on blocks where speed is not important, 
implemented in conventional logic. The chapter reveals potential performance limiting factors 
and introduces several TP-DULV logic gates, together with a proposed signal conversion 
circuit that enables cascading of TP-DULV logic gates.  
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2 Background 

2.1 Introduction to traditional CMOS  

 
Figure 2.1-1: NMOS and PMOS transistor symbols, with floating bulks. 

A good MOSFET is one which has the current flowing through it controlled by the gate voltage 
rather than the drain-source voltage. Figure 2.1-1 shows digital schematic symbols for a 
PMOS and an NMOS transistor. The illustrated transistors have floating bulks, meaning that 
the bulk is unconnected. The bulk is usually connected to the source terminal, known as 
reversed body biasing (RBB). The connection makes the nominal threshold voltage higher and 
therefore reduces the leakage, but makes the transistor slower. Forward body biasing (FBB) 
occurs when the body is connected in the opposite way; in other words to the drain terminal 
and this connection makes the threshold voltage lower which reduces the delay, but also 
increases the static power consumption [2]. If nothing else is stated in this thesis, the default 
RBB setup is being used. The maximum current flowing between the source and the drain 
terminal of the transistor is known as the on-current and it occurs when the supply voltage is 
applied between the source and the drain, and between the gate and the source. The off-
current is the current that flows when the voltage between the gate and the source terminal is 
zero. 

 

 
Figure 2.1-2: Complementary NOR3 and NAND3 gates. 

In Figure 2.1-2 two different conventional logic gates are presented. The gates are static since 
there is no clocked logic present. Either the pull-up network (PUN) or the pull-down network 
(PDN) is active. If the pull-up network is active the pull-down network prohibits the supply 
voltage to reach ground, leaving a high voltage at the output. If the pull-down network is active 
the supply voltage is shut off by the pull-up network and the current flowing between 𝑽   and 
𝑮𝑵  is minimized. The only current that passes from 𝑽   to 𝑮𝑵  come from transistor 
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leakage and from short-circuit currents that appears during signal switching when both the 
NMOS and the PMOS transistor are turned on [5]. 

 
 

 
Figure 2.1-3: Pull-up and pull-down networks. 

Figure 2.1-3 illustrates general static combinatorial CMOS logic circuits and the reason for 
having PMOS transistors in the PUN and NMOS transistors in the PDN. As shown, the PMOS 
can pull the output all the way to 𝑽   but it can only drag the output down to its threshold 
voltage, while the NMOS is able to drag the output strictly to ground but not all the way to the 
positive supply voltage rail. Putting NMOS transistors in series in the PDN translates into 
putting PMOS transistors in parallel in the PUN (and vice versa) when realizing a logic 
function. This is due to the inverted characteristics of the NMOS and the PMOS transistor.  

2.2 Adders and Multiplexers  

Adders are widely used elements in electronic circuits. They are used to add numbers, and 
can be used in processors to calculate integer arithmetic, addresses, logic operations and so 
forth. Most adders are constructed to operate on binary numbers, hence if two’s or one’s 
complement is being used the adders can easily be modified into adder-subtractor’s [5]. 

 

 
Figure 2.2-1: Adding numbers. 

 
To add two N-bit numbers N full adders can be used. Each full adder then provides a sum 
output and a carry output where the carry output is passed, starting from the least significant 
bit, to the next full adder until the final carry is calculated. An example of adding two decimal 
numbers and two binary numbers are shown in Figure 2.2-1. As illustrated, the principle for 
adding binary numbers is the same as for decimal numbers. If one of the three inputs of the 
binary full adder is high, the sum output is equal to one and there is no carry leaving to the full 
adder handling the more significant bit. If two of the inputs are high the carry output going to 
the next full adder is high and the sum is low, and if all inputs are high both the sum output and 
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the carry output goes high. Because of the carry propagation adding two numbers can not be 
done in parallel, however, the full adder cell can be used in parallel designs adding more than 
two operands. A 1-bit full adder cell will be designed in the new proposed logic style of this 
master’s thesis.    

 
Figure 2.2-2: Multiplexer. 

A multiplexer (MUX) connects one of several inputs to the output and therefore allows several 
signals to share the same resource. A 2-1 multiplexer (Figure 2.2-2) has two inputs and one 
output. Which input that is passed to the output at the time is determined by the select signal 
(a.k.a. the control signal). When the select signal (SEL) is low in Figure 2.2-2 c) the upmost 
transmission gate is active and In1 is connected to the output, while the other transmission 
gate passes In2 to the output when SEL is high. A converter circuit similar to the described 
multiplexer will be used to generate valid signals for the proposed Two-Phase Dynamic Ultra-
Low Voltage (TP-DULV) logic, and the proposed converter design is available in section 6.4.  

2.3 Dynamic Logic 

Dynamic logic is also called clocked logic and is a design methodology in combinatory logic 
circuits. The design method offers high speed and is used in high-performance architectures 
such as CPU’s since it offers faster operation compared to static CMOS. Due to the escalated 
power consumption in newer technologies the trend for new designs is to use static logic at a 
lower clock frequency. However, by reducing the supply voltage the power consumption can 
be decreased significantly, and the speed benefit of dynamic logic can be a good option for 
more performance critical ULV applications.  

 
Figure 2.3-1: Dynamic NOR3 and NAND3 gates. 

Figure 2.3-1 displays the dynamic version of a NOR3 and a NAND3 gate. Dynamic logic gates 
consist of a precharge phase and an evaluation phase. During the precharge phase the 
header transistor (Hp) is active and the footer transistor (Fn) is inactive, and the output gets 
precharged to 𝑽   regardless of the input since the output is connected to another gate 
terminal. During the evaluation mode the header transistor is turned off and the footer 
transistor is turned on. At this stage the output voltage stays high unless there is a path to 
ground via the footer transistor, in other words unless the PDN is active. Since nothing drives 
the high output there is a time limit for how long the output voltage can be held high [6]. 
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Dynamic logic uses more average power when the PDN is active compared to static logic 
since the charge obtained during the precharge phase will be lost to ground. Static circuits only 
consume power at the output together with unavoidable non-ideal energy dissipations such as 
transistor leakage. Another drawback with dynamic logic is that once the output has changed 
from its precharged value it can not be restored within the same evaluation phase since the 
supply voltage is turned off. In other words, changes at the input at the time of evaluation have 
no effect when the recharged voltage has switched. This makes cascading of the output from 
one dynamic gate to another problematic since the recharged high value of a dynamic gate 
might cause the output of the preceding gate to discharge prematurely. One solution to this 
problem is called domino logic, a name which simply comes from the fact that once the output 
has been changed it can not change back. In domino logic a static inverter is attached to the 
output of the dynamic logic gate so that the output gets precharged to ‘0’ instead of ‘1’. The 
inverter ensures that the preceding gate is turned off unless the output changes. The cost of 
the additional inverter is some reduced speed and a slightly increased area. However, the 
inverter is usually far less complex than the dynamic logic gate so the increased area and the 
decreased speed coming from the static inverter are generally not of a great concern [6].  

Another solution to enable cascading is to combine the recharged high output of a PDN 
with a recharged low output from a PUN. NP Domino logic introduces a PUN that removes the 
need for a static inverter. The NP Domino logic might be a very good choice in some cases, 
however because of the inherent inferior performance of PMOS transistors, Domino logic 
blocks generally provide better performance than NP Domino logic blocks [6].  

 

 
Figure 2.3-2: Domino logic and NP Domino logic. 
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Figure 2.3-3: Two-Phase Dynamic Logic [14]. 

Another way to enable output cascading of dynamic logic gates is proposed by the Two-Phase 
Dynamic logic [14]. Two-phase Dynamic logic introduces dual non-overlapping clocks together 
with latches to ensure correct operation. The input to a PDN in a Two-Phase Dynamic logic 
block coming from the previous PDN gets available at the time of evaluation, passed by the 
latch. Since the input from the previous stage is not available ahead of the evaluation phase 
the transistor handling the input coming from the previous stage can not be discharged 
prematurely. Hence, when a stage is being precharged the previous stage is being evaluated 
and its output stored in a latch. When the evaluation phase starts the latched output is passed 
to the preceding PDN. The proposed TP-DULV logic uses a method similar to the Two-Phase 
Dynamic logic to cascade the outputs.  

2.4 MOSFET Modes of Operation 

For simplicity the MOSFET operation has often been divided in to three different modes; 
subthreshold region (a.k.a. cut-off/weak-inversion), saturation mode (a.k.a. active mode) and 
linear region (a.k.a. triode mode).  

Subthreshold operation occurs when the voltage applied between the gate and the source 
terminal is not sufficiently high to form a conducting channel between the source and the drain. 
The small current flowing between the drain and the source terminal when in the subthreshold 
region is carried through the so called depletion layer which is highly resistive, and the current 
flowing before the threshold voltage has been reached has generally been simplified to zero. 
For gate-source voltages above the inherent threshold voltage a conducting inversion layer 
between the drain and the source terminal has been formed, and the transistor is viewed as 
being turned on. If the drain-source voltage potential is different from zero when the transistor 
is on, current flows between the drain and the source terminal. For low drain-source voltages 
the current flowing between the terminals when the transistor is turned on is viewed as being 
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changed linearly to changes in the drain-source potential. Hence, this operation mode is called 
the linear region, and in this region the transistor acts much like a simple resistor.  

The voltage applied to the drain terminal is reversed biased with respect to the substrate. 
As the drain voltage grows the conducting inversion layer closest to the drain terminal gets 
thinner since the drain voltage repulse the inversion channel’s current-carriers. A thinner 
inversion channel near the drain end of the transistor result in a higher total resistance, and as 
the resistance grows with increased voltages at the drain terminal the drain-source current 
develops slower. The inversion layer eventually vanishes near the drain terminal of the 
channel. The inversion channel at the drain end is said to have disappeared when the drain-
source voltage is equal to the gate-source voltage minus the threshold voltage, and this is 
referred to as the pinch-off state. The pinch-off state is the beginning of the saturation mode, 
and in the saturation mode the output current is regarded as not being changed due to 
changes in the drain-source potential. In other words, the transistor is saturated and higher 
drain voltages causes higher resistance so that it has a small impact on the drain-source 
current. Transistors used in digital designs are normally operated in the saturation regime and 
being viewed as either on or off [7]. 

In modern CMOS technologies the transistors are small and the transitions between the 
transistor’s regions of operation shift more gradually compared to for larger transistors.  
 

 
Figure 2.4-1: Short channel NMOS transistor in different regions of operation. 

In Figure 2.4-1 simplified behaviors of a short channel NMOS transistor in the subthreshold, 
linear and saturation region are illustrated. In subthreshold mode the gate-source voltage is 
below the threshold voltage and no inversion layer is displayed. At this stage there is almost no 
current flowing from drain to source regardless of the drain-source potential. In the linear 
region the gate-source voltage is above the threshold voltage and the inversion layer is 
uniformly distributed at the channel since the drain-source potential is low. When the drain-
source voltage increases the carriers near the drain terminal get pushed away and the pinch-
off stage is eventually reached. The drain-source voltage at the pinch-off stage is equal to 
𝑽  − 𝑽   and there is roughly no change of the effective channel length. In the saturation 
mode the voltage across the drain and the source has become larger and the effective 
channel length has become shorter due to the thicker depletion layer that now surrounds the 
drain terminal. The effect describing the shorted inversion channel is called the channel length 
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modulation (CLM) effect and it makes the current increase with 𝑊/𝐿    (Equation 2.4-1) 
where W is the width of the transistor and 𝐿    is the actual length of the inversion layer [2][3]. 
Since the reduced length of the inversion layer near the drain terminal for high 𝑽   have a 
relatively larger impact for shorter transistors, nanoscale transistors with short channel lengths 
are highly affected by CLM.  
Subthreshold  𝑉   𝑉                                                        

𝑽   𝑽  

 𝑽  

Linear region  𝑉   𝑉      and    𝑉    𝑉  − 𝑉                
 

 
(𝑽  − 𝑽  )𝑽  −

𝑽  
 

 
 

Saturation mode                𝑉   𝑉       and     𝑉    𝑉  − 𝑉           
     

 
 
 

 
 (𝑽  − 𝑽  )

 
     𝑽  − 𝑽      

 
Equation 2.4-1: Regions of operation for an NMOS transistor. 

𝑉   ; gate-source voltage, 𝑉   ; threshold voltage, 𝐼  ; drain current,  𝑉   ; drain-source voltage, 𝐼   ; drain current at 

𝑉   𝑉  , 𝑉  ; thermal voltage (
  

 
),    ; charge carrier effective mobility, 𝑊 ; width of the gate, 𝐿 ; length of the gate, 

  ;  channel length modulation parameter,   ; subthreshold slope factor (  
                

            
), 𝑉     ; (𝑉  − 𝑉   . 

 

Simple transistor equations for the drain-source current of an NMOS transistor are shown in 
Equation 2.4-1. The calculations can be useful to help predicting the behaviour of the 
transistor. The drain-source current of a PMOS transistor can be calculated in a similar 
manner. The main aspects regarding the transistors regions of operation treated in this thesis 
is how to avoid the subthreshold region when performance is important. Techniques for 
ensuring subthreshold operation is also brought forward since operation below the inherent 
threshold voltage of the transistor can be highly advantageous when the demand for 
performance is low.  
  



19 of 75 

Figure 2.4-2 shows simulated nominal results of     vs. 𝑽   for three different minimum 
sized NMOS transistors available in the adopted technology. Figure a) shows linear on-
currents while b) holds logarithmic values for the on-currents. The standard-threshold (S-𝑉  ) 
and the high-threshold (H-𝑉  ) transistor was reversed body biased while the ultra-low-
threshold (UL-𝑉  ) transistor was forward body biased to lower the effective nominal threshold 
further. Low-threshold (L-𝑉  ) transistors are fast but also highly affected by off-currents while 
transistors with higher thresholds are slower but come with lower static (leakage) currents. The 
knowledge about how different bulk biases and transistor types available in the adopted 
technology have an impact on the transistor drain-source current levels can be used to 
minimize leakage when performance is not important or to maximize speed when performance 
is desired.  
   
 

 
Figure 2.4-2: Simulated minimum NMOS transistor on-currents and approximate threshold voltages for 
different transistor types and bulk biases at supply voltages ranging from 0.05V - 1.2V.  
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2.5 Power, Energy and Delay 

𝑷         ∗ 𝑽    𝑹   ∗       
𝑽    

𝑹
 

Equation 2.5-1: Power. 

P(t) ; instantaneous electrical power, I(t) ; current flowing, V(t) ; voltage drop across the component, R(t) ; 
resistance. 
 

Minimizing 𝑽   was for many years thought of as minimizing power consumption. This was 
when the transistors where larger and the leakage current was considered to be zero. In 
submicron CMOS technologies the static power consumption is comparable to the average 
consumption coming from dynamic switching [3]. The power has a quadratic relationship to the 
voltage across the component (Equation 2.5-1). A decrease of the supply voltage from 1V to 
0.5V leads to a 75% decrease in the power consumption given that the resistance remains 
stable. The trade-off between power and delay has been a consideration since the earliest 
IC’s. Given that the circuit is well-designed; higher speed comes at the expense of greater 
power, and lower energy consumption comes at the expense of greater delays. Sizing, 
pipelining, parallelization and voltage scaling in saturation mode are widely used power 
optimization techniques. Pipelining splits a job in to a number of sequential sub-jobs which 
each one preferably is using an equally long time; hence, it effectively speeds up the design 
and by decreasing 𝑽   the gained speed can be traded for much lower power [1].  

ULP systems generally perform a minor repetitive task during a given period. Duty-cycling 
(Figure 2.5-1) can reduce much of the power consumed by having the design in an energy 
saving sleep-mode when the design is “inactive”. Power-gating (Figure 2.5-2) is an effective 
power-saving technique that is widely used in today’s low-power IC’s. The power-gating circuit 
shuts off the high or the low supply voltage during the sleep-mode so that the power 
consumption during the sleep-mode only consists of the small leakage coming from the power-
gating circuit. How profitable the power minimization is during the sleep-mode often become a 
trade-off between the wakeup time and the sleep-mode efficiency. For well-designed circuits 
better sleep-mode efficiency comes at the expense of longer wakeup times, and shorter 
wakeup times comes at the expense of lower sleep-mode efficiency. The wakeup period can 
be triggered periodically by a small, energy effective always-on circuit, and the active mode 
(Figure 2.5-1) is typically less than 1% of the total period [3]. 

 

 
Figure 2.5-1: Duty-cycling [3]. 

The average power of a duty-cycled system can simply be expressed as: 
 

𝑷    𝑷          𝑷      
       

       
  [3] 

Equation 2.5-2: Average power consumption of a duty-cycled system. 

     ; total average power,            ; average power consumed by the always-on circuit,        ; average power 
consumed in the duty-cycled block during the sleep-mode,         /         ; average power consumed in the duty-
cycled block during the active stage. 

 



21 of 75 

The average power consumption of a duty-cycled system is displayed in Equation 2.5-2. The 
always-on circuit in an ULP system is usually a slow timer or a register, and the power 
dissipation of an always-on circuit is normally very low because of its simplicity. The power 
consumed during the sleep-mode of a duty-cycled block is often higher than what is consumed 
by the always-on circuit. The total average power consumed by the duty-cycled system can be 
lowered by reducing any of the three contributing factors;  𝑷     , 𝑷          and         / 

       . For instance, the power dissipation of a duty-cycled block during the sleep-mode can 
be neglected if the voltage regulator powering the block is shut down at this stage, and the 
average power consumed during the active stage of a duty-cycled system can be decreased 
by increasing the wakeup period or by lowering the energy used for the computations.  

 

 
Figure 2.5-2: The concept of power-gating.  

 
  

When the supply voltage is reduced the propagation delay escalates exponentially. This leads 
to a corresponding longer period of time for the leakage energy to be accumulated. Hence, the 
leakage energy is also exponentially increased [3]. Figure 2.5-3 demonstrates the principle of 
the minimum energy point (MEP), which often lies near the threshold voltage of the transistor. 
A circuit’s lowest energy consumption takes place when there is a balance between the static 
and the dynamic energy contribution. When the supply voltage is different from 𝑽       the 
overall energy dissipation is higher than what is optimal and the system is unbalanced. When 
the supply voltage is less than optimal the largest energy contribution to the system comes 
from transistor leakage, and when the supply voltage is above 𝑽      redundant energy 
comes from dynamic switching.  

A contraction of the activity factor (Equation 2.5-3) contributes to a cutback in the dynamic 
energy utilization while the leakage energy remains constant. Therefore, a reduction of the 
activity factor makes the static consumption contribute relatively more to the total energy, and 
the optimal MEP changes with different activity factors, e.g., how much dynamic switching 
there is. The optimal supply voltage point also changes with threshold variation. For bulk 
CMOS the leakage is mainly controlled by device dimensions such as size, gate oxide 
thickness, material doping profiles and junction depth [8]. For circuit blocks with low demands 
in terms of performance a high-threshold transistor usually is a good option since it lowers the 
static contribution. In the adopted technology the off-current of a forward body biased ultra-low 
threshold voltage transistor is up to two orders of magnitudes higher than for a reversed body 
biased high-threshold voltage transistor.  When high-speed operation is requested transistors 
with a lower inherent nominal threshold can be used, and by using duty-cycling the overall 
energy dissipation can be minimized.   
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Figure 2.5-3: Principle of the Minimum Energy Point (MEP). 

 
         𝜶 𝑽  

  

        𝑽  ∗      ∗     

                        

                                                      Equation 2.5-3: Energy calculations. 

  ; activity factor, C ; capacitance, 𝑉   ; supply voltage, 𝐼     ; leakage  current,     ; clock-cycle. 
 
Some essential energy calculations are shown in Equation 2.5-3. The minimum energy point is 
located where the static energy equals the dynamic energy.  

2.6 PDP & EDP 

The power-delay product (PDP) is a metric commonly used for VLSI designs. The metric can 
be viewed as energy per computation (energy-efficiency), and it can be found by multiplying 
the average power with the delay of a critical path. Energy-efficiency is particularly valued in 
portable devices since better energy-efficiency provides longer battery discharging times. 
Another useful metric is the energy-delay product (EDP), which is the same as the power-
delay-delay product. EDP favors processing speed over energy consumption and can be 
calculated by multiplying the PDP with the delay. A third metric that is used in some cases 
where performance is very important is the power-delay-delay-delay product [15].  

Hence, the metric that is the most valuable in terms of describing the energy-efficiency of 
an application is dependent on the importance of performance.  
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2.7 Energy Harvesting 

The concept of energy harvesting or energy scavenging is to convert surrounding energy into 
electrical energy in power circuits or batteries. The energy accumulated through energy 
harvesting can be stored in a capacitor, super capacitor or in a battery. Many ULP applications, 
especially where changing batteries is impractical, could benefit hugely from energy 
harvesting. The power densities offered by different harvesting methods are still on the rise, 
and the lifetime of electronic circuits could theoretically be infinitely extended [1]. Table 2.7-1 
holds power density values for various energy harvesting techniques. Due to recent progress, 
highly driven by the demand for long-lasting portable devices, energy harvesting techniques 
have recently been able to replace batteries in many ULP applications.  

Furthermore, if the energy harvesting system employed in a design originally provides a 
lower voltage than the requested operation voltage of the design; converting the stored voltage 
into the requested may add expenses in terms of area and lost energy that may even be 
comparable to the design itself. Therefore, trustworthy above threshold voltage implementation 
approaches for circuits operating at ULV’s, such as the proposed TP-DULV logic, could be 
extra interesting for applications using certain energy harvesting techniques.   

 
Energy harvesting 

 Technology Power density (  W /    ) 

Electromagnetic vibration 4 
Piezoelectric vibration 500 
Electrostatic vibration 3,8 
Thermoelectric (    difference ) 60 
Solar (direct sunlight) 3700 
Solar (indoor) 3,2 

Table 2.7-1: Energy harvesting [1].  
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3 Subthreshold and Ultra-Low Voltage Design 

3.1 Introduction to Subthreshold and Ultra-Low Voltage Design 

Extreme low power designs first emerged in the 70’s through wristwatches and calculators, but 
were widely ignored until the need for limiting power consumption evolved during the 90’s. The 
energy per operation has become a critical consideration in today’s portable designs, and it 
can be lowered by an order of magnitude by reducing the supply voltage below the threshold 
at the expense of reduced performance. With modern CMOS technology it is possible to reach 
clock frequencies well above 10 MHz with a supply voltage of just a few hundred millivolts, 
resulting in a much lower power-delay product (PDP). Subthreshold circuits can be divided into 
two different classes; one in which speed is largely irrelevant, and one in which speed is 
irrelevant a large portion of the time. The mobile phone is a very good example of the latter 
class. With the ultra dynamic voltage scaling (UDVS) technique it lowers the supply voltage, 
and therefore the energy spent, when no high-performance task is running and increases the 
supply voltage when high-speed operation is desired [9]. Dynamically modifying the supply 
voltage and the operation frequency to various operation modes in simple ULP systems might 
not always be the best choice on how to adapt to the performance demanded by the circuit at 
the time. This thesis examines the possibility of combining a low frequency performance non-
critical subthreshold unit with a design operating above the transistor threshold voltages at a 
much higher frequency allowed by the extended virtual supply voltage of the ULV Floating 
Gate technique while maintaining the same ultra-low supply voltage [4][10][11][12][13].  

 

 
Figure 3.1-1: Simulated nominal worst-case delays divided by the nominal worst-case delay at VDD = 1.2V 
(= relative delay) and the nominal delay mismatch for an inverter with equal rising/falling delays for a supply 
voltage of 1.2V. 

For the adopted technology the strength difference ( 𝑜 -  𝑢𝑟𝑟𝑒 𝑡    /𝑜 -  𝑢𝑟𝑟𝑒 𝑡    ) 
between the minimum sized standard-threshold NMOS and PMOS transistor at 1.2V is   2.6. 
By editing the size of PMOS transistor the nominal strength can be adjusted so that it matches 
the strength of the NMOS transistor. Figure 3.1-1 holds simulation results for a conventional 
inverter scaled for operation at 1.2V. The dimensions of the PMOS transistor was increased so 
that the on-current equaled the on-current of the minimum sized NMOS transistor at 𝑽   = 
1.2V. When the nominal strength of the PMOS transistor matched the NMOS transistor the 
nominal delay also was a good match; the rising edge delay divided by the falling edge delay 
was very close to one (delay mismatch in Figure 3.1-1). The delay is the time it takes for the 
output to change due to a change at the input, and it was measured between input = 𝑽  /2 
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and output = 𝑽  /2. The worst-case delay is the highest delay of the rising and the falling 
edge. As expected, the nominal delay increases exponentially as the supply voltage 
decreases. Figure 3.1-1 represents another interesting event taking place as the supply 
voltage lowers; the difference between the rising and the falling edge delay also increases 
exponentially. When 𝑽    400mV the simulated nominal worst-case delay was 50 times 
higher compared to for the optimal supply voltage (in terms of a balance in the strength of the 
NMOS and the PMOS transistor). Lowering the supply voltage to a third of the optimal voltage 
also resulted in a twice as high mismatch between the rising and the falling edge delay, 
because the falling edge delay was twice as low as the rising edge delay which is undertaken 
by the PMOS transistor. By further strengthening the PMOS transistor so that it matches the 
strength of the minimum sized NMOS transistor at the intended supply voltage, the nominal 
worst-case delay can be reduced to the nominal best-case delay. Located at 400mV (Figure 
3.1-1), the nominal worst-case delay could easily be reduced to half its value by increasing the 
nominal strength of the PMOS transistor so that it matches the strength of the minimum sized 
NMOS transistor.  

As the supply voltage goes below the nominal threshold voltage of a transistor the nominal 
delay increases radically. In the adopted technology a standard-threshold inverter scaled for 
1.2V but operated at 100mV showed a nominal worst-case delay of more than 40,000 times 
as high as the initial delay together with a rising/falling edge delay mismatch of ~3.5 times as 
high as the initial matched value. How to gain transistor strength at ultra-low voltages differs 
from when operating in strong inversion. Transistor matching techniques will be discussed 
further in the following section.   

3.2 Sizing and Matching Transistors 

The strength of a transistor can be tuned by changing the 

- W/L ratio  
- inherent 𝑉    of the transistor (transistor type available in the technology)  
- body biasing  

   

 
Figure 3.2-1: Simulated on-currents vs. the on-current of a minimum sized NMOS transistor at VDD=1.2V. 
The length, width and number of transistor fingers have individually been increased, and each one ranges 
from 1-4 times the minimum size.  
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In strong inversion the strength of a transistor is more or less linearly dependent on the W/L 
ratio; doubling the width makes the transistor twice as strong. Figure 3.2-1 shows how 
changes in the width, length and number of transistor fingers (transistors in parallel) 
individually affect the transistor current at 𝑽   = 1.2V in the adopted technology. When a 
parameter in the plot was changed the others remained at its minimum. As illustrated, 
increasing the width by a factor of two or doubling the number of transistor fingers doubles the 
on-current. The same W/L ratio dependency regarding the on-current is shown for increases in 
the length; length adjustments has a rather linear impact on the on-current in the opposite 
direction compared to for width adjustments [3] [7]. 

For transistors operating in the subthreshold and near-threshold mode the threshold 
voltage dependence overrules the linear strength gained from upsizing W.  Hence, the most 
effective way to modify the strength of transistors running at ULV’s is to change the inherent 
threshold voltage by using different transistor types available in the adopted technology rather 
than increasing the width. In fact, when operating below the threshold voltage more current 
can actually be provided by increasing the length; completely different from when in strong 
inversion [3]. Drain Induced Barrier Lowering (DIBL) is the by far most important second-order 
effect consideration for a transistor operating in the subthreshold and near-threshold region. 
Effects such as velocity saturation do not take place when the current is carried by the 
diffusion channel; as it is in weak inversion, and the speed approximately increases with  /𝐿  
[3]. 

 

 
Figure 3.2-2: Illustration of how halo doping affects the net doping of the transistor’s channel. 

To limit the threshold lowering when high drain-source voltages are applied in nanoscale 
transistors the channel is more doped near the terminal(s). The higher doping concentration 
near the terminals increases the threshold voltage and prevents the transistor from being 
turned on prematurely due to the drain voltage. Figure 3.2-2 illustrates the net doping of a 
short-channel transistor and reveals an interaction between the length of the transistor and its 
threshold voltage. The higher doping concentration (halo doping) closest to the terminal(s) 
raises the overall doping concentration and therefore the threshold voltage as well. For a 
modern minimum scaled transistor the net doping is strongly affected by the halo doping, and 
when the transistor length increases the average doping concentration reduces which results 
in a lower threshold voltage. Because of this, a longer transistor can actually have a higher on-
current than a shorter transistor when operated in the subthreshold region.  
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Figure 3.2-3: Simulated on-currents vs. the on-current of a minimum sized NMOS transistor at VDD = 0.2V. 
The length, width and number of transistor fingers have individually been increased, and each one ranges 
from 1-4 times the minimum size. 

 

 
Figure 3.2-4: Simulated on-currents vs. the on-current of a minimum sized NMOS transistor at VDD = 0.3V. 
The length, width and number of transistor fingers have individually been increased, and each one ranges 
from 1-4 times the minimum size. 
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Figure 3.2-5: Simulated on-currents vs. the on-current of a minimum sized NMOS transistor at VDD = 0.4V. 
The length, width and number of transistor fingers have individually been increased, and each one ranges 
from 1-4 times the minimum size. 

 

 
Figure 3.2-6: Simulated on-currents vs. the on-current of a minimum sized NMOS transistor at VDD = 0.5V. 
The length, width and number of transistor fingers have individually been increased, and each one ranges 
from 1-4 times the minimum size. 

In Figure 3.2-3 - Figure 3.2-6 the simulated on-current vs. the nominal on-current of a 
minimum scaled S-𝑉   NMOS transistor at 200mV, 300mV, 400mV and 500mV is presented. 
As shown, the length and width adjustments at these low supply voltages do not correlate to 
the same relative changes of the on-current when operated at a supply voltage of 1.2V. The 
most effective way to increase the strength of the transistors at all ultra-low voltage supplies is 
to add extra transistor fingers. In fact, an extra NMOS transistor finger resulted in more than 
twice the nominal on-current at all the simulated ultra-low voltages, arguably since a larger 
transistor is less affected by process variations.  
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Consider the plot for when 𝑽  =200mV, a value close to the inherent threshold of a 
standard-threshold transistor in the adopted environment (Figure 2.4-2). Increasing the length 
almost linearly increases the transistor strength until L = 2.5∗ 𝐿   , where the nominal current 
stays fairly constant for further increases of the length, meaning that the increased resistance 
from the additional length is rather equal to the reduced resistance from the lowered threshold. 
For changes in the width the relative difference in current is comparatively low, making 
corrections of the width an ineffective way to change the nominal on-current at this supply 
voltage.  

At 300mV the median current of a minimum sized NMOS transistor is increased by a 
factor of 15-20 times compared to when 𝑽    200mV. When situated at 𝑽  = 300mV the 
threshold-voltage of the transistor is generally exceeded. Increasing the length above 
minimum still provides a higher nominal transistor current; however the relative impact is 
smaller and for lengths above ~2.5∗ 𝐿    the on-current slowly starts to drop. The relative 
strength development for adjustments in the width and the number of fingers is very equal the 
one seen at 200mV. Hence, adding transistor fingers provide an increased nominal on-current 
while increasing the width has a small impact.  

The median current at 400mV is approximately another order of magnitude higher than for 
𝑽   = 300mV, meaning that a doubling of the supply voltage from 200mV to 400mV resulted 
in ~200 times higher drain-source currents. Interestingly the impact of changes in the length 
and width of the transistor has a very small impact on the nominal on-current situated at 𝑽   = 
400mV. When operating at a supply voltage of 400mV the nominal on-current stays more or 
less the same for lengths and widths below 2 𝑥  𝑖 , while it for a supply voltage equal to 
500mV develops (more slowly than for 𝑽   = 1.2V) according to the 𝑊/𝐿 ratio. 
 

 

Table 3.2-1: On-current mismatch between the minimum sized NMOS and PMOS transistor at ULV’s. 

In Table 3.2-1 the simulated imbalance between the strength of a minimum sized NMOS and a 
minimum sized PMOS transistor at different ultra-low supply voltages is displayed. The values 
shown were found by dividing the on-current of the minimum sized NMOS transistors with the 
on-current of the corresponding minimum sized PMOS transistor. The S-𝑉   transistor has a 
standard-threshold and the L-𝑉   has a lower threshold, both found in the library of the 
adopted 90 nm technology. The Two-Phase (TP) transistors are equal to “normal” transistors 
except that their gates are biased with voltages close to what is provided by the ULV FG 
technique. The ULV FG technique uses recharge transistors combined with input capacitors to 
allow a virtual gate-voltage higher or lower than what is provided by the supply voltage 
headroom.  The gates of the TP NMOS and the TP PMOS transistors were biased with   

 
𝑽   

and −  

 
𝑽   respectively, resulting in a gate-voltage swing more than twice as high as the 

normal case where the gate of the NMOS is biased with 𝑽   and the gate of the PMOS is 
biased with 𝑮𝑵  to create the on-currents. How the TP transistors accomplish the increased 
gate-voltage swing will be discussed in detail later. 

The low-threshold transistors have a lower mismatch ratio than the standard-transistors for 
the lowest simulated supply voltages, and the TP transistors shows less variation than the 
transistors which gates was biased with the supply voltage rails. The imbalance between the 
on-currents of the TP NMOS and the TP PMOS is almost unchanged between 200mV-400mV 
for the low-threshold version while the same holds true between 300mV-400mV for the 
standard-threshold version. For the S-𝑉   transistors a reduction from 400mV to 200mV results 

NMOS/PMOS on-current mismatch 
Transistor     200mV       250mV         300mV      350mV 400mV 

S-𝑉   3.41 3.19 3.00 2.84 2.73 
L-𝑉   2.89 2.80 2.69 2.59 2.55 
TP S-𝑉   2.83 2.66 2.59 2.54 2.49 
TP L-𝑉   2.50 2.46 2.51 2.54 2.52 



30 of 75 

in a 25% higher transistor mismatch, while the corresponding value for the TP S-𝑉   is only 
14%. The increased currents and trustworthiness of the TP transistors ensure robust high-
frequency operation at ultra-low voltage supplies.  

 

 
Figure 3.2-7: Simulated transistor on-currents for different minimum sized NMOS and matched PMOS 
transistors operated at low voltages. 

 

 
Figure 3.2-8: Simulated logarithmic transistor on-currents for different minimum sized NMOS and matched 
PMOS transistors operated at low voltages. 

Figure 3.2-7 and Figure 3.2-8 presents the median on-current flowing through minimum sized 
NMOS and 3-fingered PMOS transistors with a standard- and a low-threshold voltage 
implementation available in the adopted technology. The PMOS transistors had 3 fingers to 
create on-currents similar to the on-current of minimum sized NMOS transistors.  

The gained strength and the reduced effective threshold voltage provided by the 
expanded gate voltages of the TP transistors are easy to observe. More than ten times more 
significant on-currents flows at voltages between ~ 100 – 300mV, and the effective threshold of 
the TP transistors is roughly 150mV lower compared to the standard transistors. The 
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increased drain-source currents of the TP transistors can be used for both higher speed and 
increased ruggedness. As an example, consider when 𝑽   = 300mV in Figure 3.2-8, the 
nominal on-currents of the TP transistors are approximately 50 times higher compared to the 
standard transistors, meaning that the standard-biased transistors would need approximately 
30-50 transistor fingers to generate the same nominal on-current as the TP transistors. 

One interesting observation provided by the simulation data in Figure 3.2-7 – 3.2-8 and 
Table 3.3-1 is that the increased relative on-current obtained by using L-𝑉   instead of S-𝑉   TP 
transistors at supply voltages above the inherent threshold voltage is rather small compared to 
when situated below the threshold voltage. The small gain obtained in transistor on-currents by 
using low-threshold voltage transistors instead of standard-threshold transistors at voltages 
above the nominal threshold voltage is probably not worth the cost in terms of increased 
transistor leakage. However, when operated below the nominal threshold voltage the low-
threshold transistor show an on-current multiple times higher than the standard-threshold 
implementation, enhancing previous assumptions that it is better to lower the inherent 
threshold voltage rather than editing the transistor dimensions to gain strength when operating 
at subthreshold/near-threshold (ULV) voltages.  

The nominal data collected until now can be used to draw many conclusions; however, 
one of the largest difficulties tied to ultra-low voltage design is the low tolerance against PVT 
variations.  

3.3 PVT Variations 

When the circuits are being manufactured the lengths, widths, junction depths and oxide 
thickness of the transistors varies within a small range. As the transistors shrink the variations 
have a greater impact since the relative mismatch increases.  Temperature and supply voltage 
in the device may also vary, and these variations combined are called process, voltage and 
temperature (PVT) variations. To achieve a high yield, transistors are being treated as 
statistical rather than certain. Modern consumer electronics has a yield very close to 100%, 
and this is attained with the presence of robust design techniques and sufficient voltage supply 
margins. The strength of the transistors are very sensitive to 𝑉  , hence a small difference in 
the threshold voltage has a great impact on the current through the channel. This is a 
relationship that makes the tolerance against threshold variations much worse for circuits 
operating in weak inversion and at voltages close to the threshold voltage. In addition to the 
huge sensitivity against threshold variations the subthreshold designs suffers from equal 
dependencies on changes in the supply voltage and the temperature [3]. Fortunately, the 
temperature of an ULP system is almost completely determined by the temperature of the 
environment since there is very little self-heating, and most of the ULP applications are 
employed in stable temperatures, e.g., implantable chips. Additionally, if the environmental 
temperature or the supply voltage varies then both the off-current and the on-current changes 
opposed to transistors operating in saturation. This makes the purely random process 
variations of the threshold voltage the dominating factor for applications operating at ultra-low 
voltages [3]. The variations in transistor currents caused by random process variations have 
great impacts on the delays and the power consumptions of electronic circuits. 
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Transistor on-currents 
    

Transistor  
             

#fingers Length Supply voltage Ids (nominal) 

TP NMOS 1 100nm 200mV 399nA 

TP PMOS 5 100nm 200mV 383nA 

TP NMOS L-Vth 1 120nm 200mV 547nA 

TP PMOS L-Vth 5 100nm 200mV 557nA 

TP NMOS 1 100nm 300mV 5.91uA 

TP PMOS 4 100nm 300mV 6.01uA 

TP NMOS L-Vth 1 100nm 300mV 6.22uA 

TP PMOS L-Vth 4 100nm 300mV 6.51uA 

TP NMOS 1 120nm 400mV 16.08uA 

TP PMOS 3 100nm 400mV 16.46uA 

TP NMOS L-Vth 1 120nm 400mV 17.85uA 

TP PMOS L-Vth 3 100nm 400mV 17.14uA 
Table 3.3-1: Transistor dimensions of matched TP NMOS and TP PMOS transistors together with simulated 
nominal on-currents at different ultra-low supply voltages. 

Table 3.3-1 shows nominal currents for matched TP NMOS and TP PMOS transistors at a 
supply voltage of 200mV, 300mV and 400mV. The PMOS transistor needed 5 fingers to match 
the on-current of the minimum sized NMOS at 200mV, while it only needed 4 and 3 fingers to 
deliver similar currents at 300mV and 400mV, respectively. The nominal strength increase that 
an increment from 200mV to 300mV brings is approximately in the order of 10-15 times, while 
another 100mV increment only leads to another 2.5-3 times the more on-current.  

The transistors in Table 3.3-1 were simulated through 1000 Monte Carlo simulations at a 
supply voltage equal to 300mV and 400mV to see how process variations affects the nominal 
strength of the TP transistors at ultra-low voltages. The results are displayed in Figure 3.3-1 
and Figure 3.3-2, where the figures show the simulated     of each one of the transistors as a 
number multiplied by nominal on-current that is shown in the table. The same Monte Carlo 
simulation was also made at a supply voltage of 200mV (not shown), but at this voltage the 
lowest currents where 20-30 times as low and the highest currents 7-10 times as high as the 
nominal currents, indicating that the supply voltage would be unsuited for fast and robust ultra-
low voltage operation.  

For the TP-transistors operated at 300mV the worst cases of current deviation lied in the 
region between 5-8 times as low as the median current, and up to over two times as high. For 
the NMOS transistors the L-𝑉   version had the largest current spread while the PMOS had 
opposite characteristics. The variations visible at 300mV might be sufficiently low for many 
applications. However, for a circuit planning to be fast and process variation tolerant, this 
variation could be too large.  

A supply voltage of 400mV may seem more convenient. At this point there is only a very 
few simulations per TP transistor delivering on-currents lower than 50% of the nominal value, 
and half the nominal value is still ~35% more than the median on-current at 𝑽   = 300mV. 
When the on-current deviation is less the deviation for the output switching times are also less, 
meaning that the margins needed for the clock signals in the design could be eased and 
therefore the static energy contribution as well. When operating at higher speeds the dynamic 
power consumption increases. To lower the power dissipation the circuit could be put in sleep-
mode when no work is necessary. Moreover, at 𝑽   = 400mV the drain-current variations for 
the standard-threshold versions of the TP transistors are very similar to the variations shown 
for the low-threshold transistors, and since the off-currents for the low-threshold transistors are 
higher than for the standard-threshold versions, the S-𝑉   transistors will be the choice for the 
proposed TP-DULV logic at this supply voltage. 
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Figure 3.3-1: Ids variations for 1000 Monte Carlo simulations for TP transistors operated at 300mV. Figures 
expressed as values multiplied by the nominal Ids. 

 
Figure 3.3-2: Ids variations for 1000 Monte Carlo simulations for TP transistors operated at 400mV. Figures 
expressed as values multiplied by the nominal Ids. 
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Conventional logic could be an excellent option if performance is not important. When a circuit 
is clocked at a very low frequency the dominant power contribution is generally generated from 
transistor leakage. A high-threshold transistor is slower and has lower leakage, making it a 
good choice for performance non-critical circuits that are operated at a very low frequency. At 
400mV the nominal         of a minimum sized NMOS H-𝑉   transistor (Table 3.3-2) is 
comparable to the nominal drain-current of a minimum sized TP NMOS S-𝑉   transistor 
operated at 170-180mV. Combining TP S-𝑉   transistors with H-𝑉   transistors may provide 
transistors working in strong inversion and in the subthreshold regime at the same voltage 
supply. 
 
Transistor on-currents 

    Transistor #fingers Length Supply voltage Ids (nominal) 

NMOS 1 100nm 400mV 854nA 

PMOS 3 100nm 400mV 863nA 

H-Vth NMOS 1 120nm 400mV 215nA 

H-Vth PMOS 4 100nm 400mV 243nA 
Table 3.3-2: Simulated nominal on-currents for standard transistors at 400mV. 

 

 
Figure 3.3-3: Simulated transistor on-currents at VDD = 400mV expressed as % from the nominal on-current 
for various transistors. 1000 transistors of each type where simulated using Monte Carlo simulations. The 
x-axis is sorted, starting from the lowest on-currents. 

The H-𝑉   transistors provide less on-current and are also much more affected by process 
variations compared to standard- and low-threshold transistors when operated at  𝑽  = 
400mV. To achieve a high yield in ULV designs using a conventional logic with high-threshold 
transistors the statistical difference of the transistor strength must be highly accounted for. 
Figure 3.3-3 illustrates the     deviation from the nominal     for various types of transistors 
over 1000 Monte Carlo simulations. The nominal drain-source current is situated at Y = 0%, 
while the percentages below and above 0% corresponds to currents below and above the 
nominal on-current. For example, 5% of the standard-biased high-threshold NMOS transistors 
show an on-current ~400% lower than the nominal value, and only ~60% of the standard-
threshold transistors have a drain-source current between half the nominal on-current and 
twice the nominal on-current. On the other hand, all of the TP transistors have on-currents 
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within ~40% - ~160% of the nominal on-current, making it much more tolerable against PVT 
variations. 
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4 ULV Floating Gate Logic  

4.1 Introduction to ULV Floating Gate Logic 

 
Figure 4.1-1: Generic ULV FG transistors [10]. 

Ep & En ; evaluate transistors, Rp & Rn ; recharge transistors, Kp & Kn ; keeper transistors.  
 
Several papers on ULV Floating Gate (ULV FG) logic have been published [3] [10] [11]. Figure 
4.1-1 shows generic ULV FG transistors that uses a precharge phase and an evaluation 
phase. The recharge transistors (Rp and Rn) in the figure have been simplified; the voltage 
rails connected to their source terminals could be set to any high or low input voltage.  

The proposed supply voltage for the ULV FG transistors lies near the threshold voltage 
where    

    
 is the highest. By applying a capacitor to the gate terminal of the evaluate transistor 

a virtual gate voltage above 𝑽   or below 𝑮𝑵  can be accomplished. The increased gate 
voltage swing has a huge impact on the delay of the ULV FG logic gates due to the 
exponential dependence on the gate voltage level for voltages near the threshold voltage of 
the transistor. The additional gate voltage swing provides a nominal delay of a few percent 
compared to conventional logic when operated at ultra-low voltages.  

During the precharge phase (𝝓     the gate of the NMOS evaluate transistor En is pulled 
to 𝑽   by the recharge transistor Rp. In a similar manner the gate of the PMOS evaluate 
transistor Ep is charged to 𝑮𝑵  by Rn. In other words, the evaluate transistors are weakly 
turned on at the time of precharge since the gate terminals are precharged to voltages close to 
the inherent threshold voltages. During the evaluation phase (𝝓  0) the recharge transistors 
are turned off, and if a transition occurs at the capacitor input node the floating gate terminals 
of the evaluate transistors can be set to voltages different from the supply voltage rails.  When 
used in designs the output of the NMOS transistor has often been precharged to logic 1, and 
the output of the PMOS transistor to logic 0.  

 
ULV Floating  Gate transistors  

    ULV FG NMOS gate voltage ULV FG PMOS gate voltage 

PRECHARGE VDD GND 

EVALUATION VDD + 
 

 
 𝐼      GND + 

 

 
 𝐼     

Table 4.1-1: Simplification of the gate voltage of a minimum sized ULV FG Transistors with an input 

capacitance equal to    . 

Table 4.1-1 shows simplifications of the gate voltages of minimum sized ULV FG transistors in 
the adopted technology when the input capacitors are equal to  𝑓𝐹. The values of the input 
capacitors were approximately three times as high as the parasitic capacitances of the 
minimum sized transistors in the simulated 90nm technology. The simplified gate voltage 
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expressions found in the table are close to the simulated gate voltages which can be found by 
the calculation:  

𝑽              𝑽                 (
               

                           
) 

 
Equation 4.1-1: The gate voltage of an ULV FG evaluate transistor during the evaluation phase.  

 
The proposed circuits using ULV FG transistors have in some cases had an input equal to  𝑽  

 
 

during the precharge phase that switches to either 𝑽   or 𝑮𝑵  at the time of evaluation 
[10][12]. However, for increased speed the capacitor input nodes of the NMOS transistors 
have often had default precharged voltage levels equal to 𝑮𝑵  during the precharge phase, 
while the input at the capacitor nodes of the PMOS transistors have had precharged inputs 
equal to 𝑽  , so that input transitions during the evaluation phase maximizes the on-currents 
of the transistors. In this case an input transition should turn the transistor fully on ( 𝐼 𝑝𝑢𝑡  
 ±𝑽  ), while a stable input should result in a turned off or weakly turned on evaluate 
transistor with a gate voltage equal to 𝑉          [10] [11].  

The increased input transition maximizes the on-currents but unfortunately also increases 
the leakage currents when no transition occurs at the input node at the time of evaluation. A 
constant input at the time of evaluation results in an evaluate gate voltage equal to the 
precharged voltage level, and since the on-current of a transistor varies exponentially near the 
inherent threshold voltage and the threshold voltage varies much for submicron technologies, 
trustworthy designs might become hard to accomplish with ULV FG logic. Previous simulated 
results show that the strength of the transistors in the adopted environment varies by several 
hundred percent from the nominal values at ultra-low voltages. The on-current variations might 
cause a transistor that should be weak based on nominal simulations to get too strong and 
produce a false output.   

Furthermore, the keeper transistors should help to turn off the evaluate transistors if no 
transition occurs during the evaluation phase. When functioning correctly the keeper 
transistors reduces the static power consumption and provides more ruggedness. However, 
since the keeper transistors slowly starts to turn off the evaluate transistors during the 
evaluation phase it is important that the input transition appears a sufficiently short time after 
the evaluation phase has begun. If the input transition occur when the keeper transistor has 
been turned off completely the gate voltage of the evaluate transistor would actually end up 
worse than what is provided by the supply voltage headroom (Equation 4.1-1, 𝑉     0). The 
PVT variations affecting the keeper transistors will also be very challenging, as for the evaluate 
transistors, since too weak keeper transistors could allow (relatively) large short-circuit 
currents to flow providing worse outputs and less ruggedness, and a too strong keeper 
transistor could prevent the input transition from getting sufficient time to arrive.  
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Figure 4.1-2: The principle of the ULV logic style. 

 
Figure 4.1-2 illustrates the ULV FG evaluate transistor’s gate voltages during the precharge 
and the evaluation phase when transitions occurs at the input at the time of evaluation. The 
values shown at the gates can be deduced from Table 4.1-1. The gate voltages approximately 
end up at 𝑉         +3/4 input after the evaluation. Hence, the gate voltage of the ULV FG 
NMOS evaluate transistor end up above the positive supply voltage rail due to the positive 
input switches and the gate voltage of the ULV FG PMOS evaluate transistor ends up below 
the negative rail due to the negative input transitions.  
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4.2 ULV Floating Gate Logic Inverters 

 
 

 
Figure 4.2-1: ULV2 and ULV5 inverters [10]. 

Figure 4.2-1 shows four different ULV Inverters [4]. Proposed supply voltages for the ULV’s lies 
close to the threshold voltage of the process (usually ~200-400mV for nanoscale 
technologies). The precharge phase for the described inverters holds true when 𝝓  𝑽   and 
the evaluation mode arises when 𝝓 shifts to 𝑮𝑵 . The ULV2(P𝜙) inverter in figure a) and the 
ULV5 Precharge to 1 inverter in figure b) has an output precharged to 𝑽   and an input 
precharged to 𝑮𝑵 , while the input and output characteristics of the ULV2(N𝜙) inverter in 
figure c) and the ULV5 Precharge to 0 inverter in figure d) is vice versa; the output is 
precharged to 𝑮𝑵  and the input is precharged to 𝑽  .  

Furthermore, PVT variations might cause the ULV inverters to produce incorrect outputs. If 
the En transistor of an ULV inverter with a precharged low output is too strong the inverter is 
not able to produce a high output during the evaluation phase, and if the Ep transistor of an 
ULV inverter with a precharged low output is too strong the clock signal may falsely pass to the 
output during the evaluation even if no transition occurs at the input node. The ULV inverters 
that precharge the output to a high voltage have a similar issue; if the En transistor is too 
strong the output might falsely go low during the evaluation if the voltage at the gate terminal 
remains at 𝑽  .  
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Precharge (𝝓   ) for the ULV2 𝑷𝝓  and the ULV5 Precharge to 1 inverter 
 

 

Figure 4.2-2: Precharge phase for the ULV2(P𝝓  and the ULV5 Precharge to 1 inverter. 

The NMOS recharge transistor grounds the gate terminal of the PMOS evaluate transistor so 
that the PMOS evaluate transistor is turned on and passes the high precharge voltage to the 
output node. At the same time the PMOS recharge transistor charges the gate of the NMOS 
evaluate transistor to the positive supply voltage rail. Since the evaluate transistors have the 
same potentials connected to the source terminals very low short-circuit currents are flowing 
during the precharge phase. The NMOS evaluate transistor has to be weaker than the PMOS 
evaluate transistor since the drain-source current of the NMOS evaluate transistor has to be 
low enough for the transistor to provide a high enough resistance to hold the output high if no 
input transition occurs at the capacitor input node during the evaluation phase. The keeper 
transistor of the ULV5 Precharge to 1 inverter is inactive during the precharge. 
 

Precharge (𝝓   ) for the ULV2 𝑵𝝓  and the ULV5 Precharge to 0 inverter 
 

 
Figure 4.2-3: Precharge phase for the ULV2(N𝝓  and the ULV5 Precharge to 0 inverter. 

Since the PMOS recharge transistor charges the gate of the strong NMOS evaluate transistor 
with a positive supply voltage, the NMOS evaluate transistor is active and grounds the output 
node. At the same time the NMOS recharge transistor passes ground to the gate of the 
weaker PMOS evaluate transistor so that it is slightly turned on.  

The ULV inverters with a low precharge voltage also have low short-circuit currents during 
the precharge mode since the source terminals of the evaluate transistors are connected to 
the same low potential at the time. The keeper transistor of the ULV5 Precharge to 0 inverter is 
also inactive during the precharge mode.  
 
 
 
 
 
 
 



41 of 75 

Evaluation (𝝓   ) for the ULV2 𝑷𝝓  and the ULV5 Precharge to 1 inverter 
 

 
Figure 4.2-4: Evaluation phase for the ULV2(P𝝓  and the ULV5 Precharge to 1 inverter. 

If no transition take place and the input remains low the NMOS evaluate transistor should 
correspond to a high enough resistance to hold the precharged high output. In other words, 
the NMOS evaluate transistor has to be weak enough compared to the PMOS evaluate 
transistor to be considered as off. If an input transition occurs the NMOS evaluate transistor 
quickly pulls the output to 𝑮𝑵  with help from the boosted gate voltage that now equals 
~7/4𝑽  . When the output voltage of the Precharge to 1 inverter goes low the keeper 
transistor disconnects the supply voltage and therefore reduces the short-circuit current. For 
the ULV2  𝜙  the PMOS evaluate transistors gate voltage end up at ~3/4 𝑽  , meaning that 
there is some more leakage for this inverter compared to the Precharge to 1 inverter.  

 
Evaluation (𝝓   ) for the ULV2 𝑵𝝓  and the ULV5 Precharge to 0 inverter 

 

 
Figure 4.2-5: Evaluation phase for the ULV2(N𝝓  and the ULV5 Precharge to 0 inverter. 

For the ULV inverters that have the input precharged to 𝑽   and an output precharged to 𝑮𝑵  
the PMOS evaluate transistor has to be weak enough compared to the NMOS evaluate 
transistor to be considered as off in case of no input transition. If the input switches to ground 
during the evaluation the PMOS evaluation transistors of the inverters gets increasingly turned 
on due to the negative voltage at the gate terminal. An input transition cause the gate voltage 
of the N(𝜙)’s NMOS evaluate transistor to end up slightly above ground, while the gate voltage 
of the Precharge to 0 inverter stays at the precharged high voltage. In this case the keeper 
transistor of the Precharge to 0 inverter should help to turn off the NMOS evaluate transistor 
completely. Assuming that the keeper transistor operates correctly, the static power 
consumption of the Precharge to 0 version is lower than for the ULV2(N𝜙) inverter since the 
NMOS evaluate transistor of the ULV2(N𝜙) is not completely turned off during the evaluation 
phase.  

 
The strength of a transistor can be optimized by changing the inherent threshold voltage (by 
changing the transistor type in the adopted technology), the sizing (by adding more fingers or 
modifying the W/L ratio). For ULV inverters the relative strength can also be tweaked by 
changing the precharged gate voltage of the evaluate transistor, which can be done by 
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changing the strength of the precharge transistor or by editing the precharge transistor’s 
source terminal potential (𝑽 / 𝑽  instead of 𝑽   / 𝑮𝑵 ). The voltage boost, and therefore also 
the effective strength of the evaluate transistor at the time of evaluation can also be modified 
by changing the value of the input capacitor (Equation 4.1-1). 
 
Input logic for  
different Inverters     Input = 0     Input = 1 

Inverter Precharge Input Evaluate Input Precharge Input Evaluate Input 

ULV2(P𝜙 /ULV5/ULV7 
Precharge to 1 GND GND GND ↑VDD 
ULV2(N𝜙 /ULV5/ULV7 
Precharge to 0 VDD VDD VDD ↓GND 

Conventional Inverter ------ GND ------ VDD 
Table 4.2-1: Input logic for ULV and conventional inverters. 

The output of the presented ULV inverters are precharged to 𝑽       or 𝑮𝑵   0 . In case of 
an input transition at the capacitor input node (Table 4.2-1) during the evaluation mode the 
evaluate transistor handling the input is more turned on due to a boosted voltage absent at the 
gate terminal, and the precharged output is switched. If the voltage at the capacitor input node 
remains during the evaluation the output should hold its precharged voltage.  The delay of an 
ULV inverter in case of a switching event is up to ~40 times lower compared to a conventional 
inverter.  

 

 
Figure 4.2-6: ULV7 Inverters [10]. 

The ULV7 inverters are essentially ULV5 inverters using extra keeper transistors connected 
between the output and the gate of the evaluate transistor that is connected to the clock 
signal. During the precharge phase the additional keepers are weakly turned on and recharges 
the gates of the evaluate transistors to the same potential as the recharge transistors are 
already doing. In other words, the extra keeper transistor has a small impact on the inverter at 
the time of recharging the output.  

During the evaluation phase, however, the added keeper plays a more important role 
since it helps to turn off the evaluate transistor that is connected to the clock signal if no input 
transition occurs. This provides inverter output voltages closer to the precharged voltage rail 
together with reduced power consumption coming from lower short-circuit currents. One 
negative effect coming from the added keeper transistor is that the keeper transistor puts a 
limit to how long time the inverter can wait for the input transition to arrive after the evaluation 
phase has begun since the keeper transistor pulls the gate voltage of the evaluate transistor in 
the opposite direction of the precharged voltage. The result is that the longer time it takes for 
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the input transition to arrive after the evaluation phase has begun, the smaller the voltage 
boost at the gate terminal of the evaluation transistor gets.  

 

 
Figure 4.2-7: The ULV7 inverter during the precharge and the evaluation phase. 

In Figure 4.2-7 the behavior of the ULV7 is illustrated. The ULV7’s evaluate transistors that 
handles the inputs are either weakly or strongly turned on during the evaluation phase. If no 
input transition occurs during the evaluation the inverters should hold the precharged output 
voltages and the keeper transistors connected to the evaluate transistors that handles the 
inputs should be active and turn off the evaluate transistors completely to increase the 
robustness and decrease the leakage. In case of a switching event at the input the evaluate 
transistors connected to the input nodes should benefit from the voltage boost and quickly 
switch the output voltages. The switched output voltages should in its turn activate the keeper 
transistors connected to the evaluate transistors that handles the voltage rails so that the 
supply gets turned off, increasing the robustness and decreasing the power consumption 
coming from short-circuit currents.  

It could be problematic if the inputs of the ULV7 inverters arrived a significant time after the 
start of the evaluation phase and/or if the extra keeper transistors became too strong because 
then, when the input transition arrives, the gate voltage would not benefit from the same boost 
since the gate voltages would have been driven away from the precharged voltages by the 
keeper transistors. The transistor matching of the ULV inverters might also be of a great 
concern. If the evaluate transistors connected to the inputs gets too strong the outputs could 
incorrectly switch from the precharged voltage level at the time of evaluation. Random process 
variations make the matching very difficult, and could possibly result in an extremely low yield 
for larger ULV logic systems. As shown through simulations, the transistor strength near the 
inherent threshold may vary by a factor of more than 10 times from the nominal values. In the 
following sections a more robust and trustworthy design methodology using the ULV FG 
technique is presented.   
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5 Two-Phase Dynamic Ultra-Low Voltage Logic 

5.1 Introduction to Two-Phase Dynamic Ultra-Low Voltage Logic 

The suggested logic style for robust ultra-low voltage and high-speed applications is named 
Two-Phase Dynamic Ultra-Low Voltage (TP-DULV) logic. The logic style is mainly built on 
concepts explained in section 2.3 and 4, and it can be resembled with dynamic, floating gate 
and pass-transistor logic. The idea is to provide both more reliability and faster operation at 
ultra-low voltages compared to conventional circuits, and increased robustness compared to 
ULV logic. The proposed implementation style is very well-suited for ULV applications where 
robustness and speed is of some importance, and where the practice of ultra-low voltage 
supplies is advantageous.  

The inputs of TP-DULV logic gates, as for ULV logic gates, are divided into two phases; a 
precharge phase and an evaluation phase. During the precharge phase the output is 
precharged to 1, as in standard dynamic logic, and at the same time the gates of the evaluate 
transistors gets precharged to the logically correct low or high voltage rail. When the 
evaluation phase starts the floating gate voltages of the evaluate transistors gets further 
boosted by transitions at the input node, providing more ruggedness and faster switching. 
Hence, it can be resembled with pass-transistor logic since it in some sense only “passes” the 
signals more strongly during the evaluation. The logic style is dynamic since the output either 
holds the precharged high impedance, as in standard dynamic logic circuits, or pulls it down to 
ground via the PDN.   

One disadvantage of TP-DULV logic, which holds for all dynamic logic designs, is that the 
output should not be cascaded directly to another TP-DULV logic gate. The output should be 
converted into a functioning input of the next stage. As previously explained, this could 
normally be done by either attaching the output to a static inverter or having the next stage 
consisting of a PUN. However, the TP-DULV logic gates have special demands for the input 
signals; the input signals have to be known already at the time of precharge since the 
evaluation phase only reinforces the logically correct precharged gate voltages. Because of 
this, the output of a TP-DULV logic gate can not be evaluated by the next TP-DULV logic gate 
within the same clock period since the evaluate gate’s correct precharge voltages can not be 
known at the time. The TP-DULV logic style only uses PDN’s, due to the better performance of 
NMOS transistors compared to PMOS transistors, and can be viewed as a hybrid between the 
Two-Phase Dynamic logic style (Figure 2.3-3) and the ULV logic style.  

The clock signals in TP-DULV designs will be driving large capacitances, and would 
possibly have to be generated by conventional CMOS gates (for example with an oscillator 
and a strong inverter). This puts a limit to the slope of the clock signal and therefore also the 
maximal clock frequency. Without this limiting factor the proposed implementation approach 
could easily reach frequencies in the gigahertz region at supply voltages of a few hundred 
millivolts. Nonetheless, with performance-increasing techniques a clock signal frequency of 
several hundred megahertz could be reached at ultra-low voltages, and the how much 
additional speed that is provided by these techniques is further investigated in section 6.2.  

One advantage of TP-DULV logic, as for dynamic logic, is that there is no need for PUN’s. 
The only PMOS transistors needed in TP-DULV logic gates are the recharge transistors 
(named R1 transistors for “recharge to 1”, shown in Figure 5.1-2) and the ones needed in the 
signal conversion circuitry that feeds the correct signals to the next TP-DULV logic stage. The 
advantage that PDN’s holds against PUN’s becomes more significant with increased numbers 
of transistors in the network, and as demonstrated earlier; the benefit that NMOS transistors 
holds against PMOS transistors is even larger at lower voltages. At ultra-low voltages a PMOS 
transistor would need approximately 3-4 fingers to match the current flowing through a 
minimum sized NMOS transistor, meaning that for a PUN with four PMOS transistors in series 
each transistor would need 12-16 fingers (Figure 5.1-1) to attain the same current level as a 
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PDN with only 4 fingers per transistor. Hence, a PDN roughly spends 25-33% of the area 
compared to a PUN at the intended supply voltages.  
 

 
Figure 5.1-1: Area and resistance of stacked NMOS and PMOS transistors. The numbers inside the 
transistors corresponds to the number of transistor fingers. 

 

 
Figure 5.1-2: TP-DULV logic. 

Figure 5.1-2 shows a TP-DULV logic block. The precharge phases occur when the clock 
signals are high, while the evaluation phases occur when the clock signals are low. 
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PDN1 receives the correct precharge phase and evaluation phase input voltage levels from 
Converter #2, and the output of PDN1 is computed during the evaluation phase (𝝓 →↓ 0 . 
The evaluated output is stored in the converter circuit Converter #1 (section 6.4). When the 
precharge phase of the PDN2 stage begins (𝝓 → ↑  ) the converter passes the correct 
precharge voltages to the input of PDN2, and during the evaluation phase the converter 
provides the correct evaluation phase voltages. The converters ensure that the following PDN 
receives the correct precharge and evaluation phase voltages, and that the output of the 
following PDN is not discharged prematurely. How the TP-DULV logic, and the conversion 
works, will be discussed in more detail in the following sections.   
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5.2 TP-DULV Inverter  

 
Figure 5.2-1: TP-DULV Inverters. 

Figure 5.2-1 shows a TP-DULV inverter and a TP-DULV Precharge to 0 inverter. Due to the 
advantage that NMOS transistors holds against PMOS transistors the TP-DULV logic is based 
on PDN’s that have an output precharged to 1. Since the output of a TP-DULV logic gate is 
latched into the preceding TP-DULV logic gate, there are no extra losses attached to only 
using pull-down networks.  

The recharge transistors R1 and Rp are only active during the recharge phase (𝝓   ). 
During the precharge phase R1 passes the precharge voltage (clock signal) to the output, and 
Rp charges the floating gate of the evaluate transistor (En or Ep) to the logically correct 
voltage that is to be evaluated. At this time Input is equal to the logically inverted signal to be 
evaluated and at the time of evaluation (𝝓  ↓ 0) there is always a logically correct input signal 
transition that locks the floating gate voltage of the evaluation transistor above 𝑽   or 
below 𝑮𝑵 . If a positive input transition for the TP-DULV inverter (not precharge to 0) occurs 
during the evaluation the evaluate transistor gets more turned on and the precharged output 
voltage escapes through the evaluate transistor to ground via the clock signal, and if a 
negative input transition take place the evaluate transistor gets more turned off and the 
precharged voltage stays at a high level. Since equal clock signals are connected to the 
source terminals of R1 and En the output gets recharged all the way to the correct rail during 
the precharge phase regardless of the voltage level at the gate of the evaluate transistor. The 
connection also helps to avoid unnecessary short-circuit currents during the precharge. 

 
Input logic for TP-DULV gates Input Input 

 Logic input PRECHARGE PHASE EVALUATION PHASE 

0 1  ↓0 

1 0 ↑1 
Table 5.2-1: Input logic for TP-DULV gates. 

 
Figure 5.2-2: Input signals of a TP-DULV circuit during the precharge and the evaluation phase. 

The input logic for TP-DULV logic gates are illustrated in Table 5.2-1 and in Figure 5.2-2. 
During the precharge phase the input signals are equal to the inverted values of the inputs that 
are to be evaluated. Put differently, during the precharge phase the      ̅̅ ̅̅ ̅̅ ̅̅ ̅ signals are equal to 
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the “true” inputs that are to be evaluated during the evaluation phase, while the Input’s are 
equal to the “false” inputs that are to be evaluated during the evaluation phase. Hence, 
     ̅̅ ̅̅ ̅̅ ̅̅ ̅ does not have to be the boolean inverted signals since the recharge transistors are 
turned off at the time of evaluation. The increased gate voltage swing of the TP-DULV logic 
lowers the PVT variation dependency at ultra-low voltages and lowers the lowest defendable 
supply voltage.  
 

 
Figure 5.2-3: Illustration of the TP-DULV inverter during precharge phase and the evaluation phase. 

Figure 5.2-3 illustrates the behaviour of the TP-DULV inverter. The recharge transistors are 
only active during the precharge phase. During the precharge the recharge transistor 
connected to the clock signal (𝝓   ) passes the high voltage to the output and the recharge 
transistor connected to the gate of the NMOS evaluate transistor passes the voltage 
corresponding to the high or low input to be evaluated to the gate. During the evaluation phase 
the output stays at its high precharged voltage unless it gets dragged down by the NMOS 
evaluate transistor. Throughout the course of the precharge phase the NMOS evaluate 
transistor is either off or weakly on, and when the evaluation phase enters, the voltage level at 
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the gate of the NMOS evaluate transistor gets further improved by the input transition resulting 
in a transistor strongly turned on or strongly turned off.  
 
ULV Inverters evaluate 
transistor gate voltages Input          Input            Evaluation 

ULV Inverter Precharge phase  Evaluation phase  Evaluate gate voltage  

ULV2 (P𝜙) GND GND or ↑VDD      VDD    or     7/4VDD 

ULV2 (N𝜙) VDD VDD or ↓GND      GND    or    -3/4VDD 

ULV5 Precharge to 1 GND GND or ↑VDD       VDD   or      7/4VDD 

ULV5 Precharge to 0 VDD VDD or ↓GND       GND   or    -3/4VDD 

ULV7 Precharge to 1 GND GND or ↑VDD       GND   or     7/4VDD 

ULV7 Precharge to 0 VDD VDD or ↓GND        VDD   or    -3/4VDD 

TP-DULV          VDD or GND ↓GND or ↑VDD 7/4 VDD   or    -3/4VDD 

TP-DULV Precharge to 0 VDD or GND ↓GND or ↑VDD 7/4 VDD   or   -3/4 VDD 
Table 5.2-2: ULV and TP-DULV inverters evaluate transistor inputs and gate voltages.  

The expressions and values found in Figure 5.2-3 and Table 5.2-2 was adopted from Table 
4.1-1. The voltage swing at the gate terminals of the evaluate transistors in TP-DULV logic 
components are 2.5 times as high as the voltage swing in conventional logic, and 1.4 times as 
high as the voltage swing of ULV logic circuits that uses keeper transistors to drag the evaluate 
transistor’s gate voltages all the way to the correct voltage rail in case of no transitions at the 
input.  

Furthermore, the perhaps most superior advantage that the TP-DULV logic holds against 
ULV logic is that the problems regarding the strength variation of the transistors when the gate 
terminal is biased with voltages near the threshold voltage is nearly eliminated. At a supply 
voltage of 400mV the evaluation gates of TP-DULV circuits are evaluated with voltages close 
to -300mV or 700mV compared to ULV circuits that are evaluated with either 400mV or 0 mV 
when no transitions take place and 700mV or -300mV when a transition take place. For ULV 
circuits the gate voltages of the evaluate transistors during the evaluation phase - in case of no 
input transitions - could be sufficient to falsely turn on the transistors. The ULV logic can be 
seen as a ratioed logic style and the ratioed logic styles suffers more from PVT variations 
compared to non-ratioed logic styles.  

For supply voltages above the nominal threshold voltage of the transistors the median 
speed difference between TP-DULV logic and conventional logic is lower compared to when 
running at voltages above. However, the increased voltage swings at the evaluation gates of 
TP-DULV designs provides more robustness since it can ensure that voltages above the 
threshold voltage is reached regardless of PVT variations.  

A design consisting of TP-DULV logic blocks should preferably be built up by small blocks 
that are being clocked at a very high frequency. However, as mentioned in section 5.1, reliable 
fast clock signals might be difficult to accomplish at ultra-low voltages. The difficulty to 
generate dependable high-frequency clock signals somewhat upsizes the ultimate complexity 
of the TP-DULV logic blocks since smaller blocks would be finished with the outputs an 
unnecessary long time before the deadline.  
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Area and 
Dimensions         (W x L) 

  
    

Inverter En Ep Rn Rp Kn Kp     W x L  

ULV7 Pre. to 1 120 x 100 480 x 250 100 x120 100 x 120 100 x 120 120 x 100 1000 x 810 

ULV7 Pre. to 0 120 x 100 480 x 250 100 x 120 100 x 120 100 x 120 120 x 100 1000 x 810 

ULV5 Pre. to 1 120 x 100 480 x 250 120 x 100 120 x 100 
 

120 x 100   900 x 710 

ULV5 Pre. to 0 120 x 100 480 x 250 100 x 120 100 x 120 100 x 120 
 

  900 x 710 

TP-DULV  100 x 120 480 x 250   100 x 120 
 

    680  x 490 

TP-DULV Pre. to 0 480 x 250 100 x 120   100 x 120       680  x 490 

Conv. Inverter 120 x 100 250 x 100 
    

  370  x 200 

Conv. w/ L-Vth 120 x 100 250 x 500           370  x 600 
Table 5.2-3: Schematic transistor dimensions in nanometers for simulated inverters. 

In Table 5.2-3 the area of various simulated inverters are shown. The numbers are based on 
the lengths and the widths of the transistors. The TP-DULV inverters uses slightly more area 
compared to conventional inverters due to the recharge transistors (and input capacitors), but 
demands only ~40% of the area compared to the implemented ULV7 inverters. The decreased 
area of the TP-DULV inverters compared to ULV7 inverters comes from the fact that the TP-
DULV inverters do not need keeper transistors.   

The static CMOS inverter used standard-threshold transistors and was scaled for strong 
inversion, i.e., the PMOS transistor width was upsized by both increasing the width and adding 
an extra transistor finger to produce equal rising and falling edge delays at 1.2V. Hence, if the 
PMOS transistor of the conventional inverter where modified solely with increases in the width 
the performance at ultra-low voltages would have been even worse. Nonetheless, the 
conventional inverter dimensioned for 1.2V and the conventional inverter with low-threshold 
transistors and better matching for ULV operation are both good inverters to compare the TP-
DULV inverters and the ULV inverters with. All inverters except the conventional inverter that 
used S-𝑉   transistors where sized to provide low nominal worst-case switching delays at 
𝑽   = 300mV, and the PMOS transistor strengths where increased by adding transistor fingers 
as learned in previous simulations (section 3.2).  

 
Delay at 300mV 

 

↓Falling 

  

↑Rising 

 Inverter Median  Average Max  Median Average Max 

Conventional 3.0ns 4.7ns 40ns 4.8ns 7.0ns 39ns 

Conv. /w L-Vth 32% 35% 93% 18% 13% 6.7% 

ULV5 Pre. to 1 3.6% 2.9% 2.2% - -  - 

ULV5 Pre. to 0 - - - 4.3% 3.5% 10% 

ULV7 Pre. to 1 6.6% 5.2% 3.3% - - - 

ULV7 Pre. to 0  -  -  -  4.1%  3.2% 3.2% 

TP-DULV  3.0% 2.2%  0.9%  - -  - 

TP-DULV Pre. to 0  -  -  -  3.0% 2.1%  0.5% 
Table 5.2-4: Simulated delays for different inverters vs. conventional inverters operated at 300mV. Data was 
collected from 1000 Monte Carlo simulations.  

Figure 5.2-5 shows simulated median (nominal), average and maximum delays for the falling 
and rising edges together with standard deviations for a set of inverters (Table 5.2-3) operated 
at a supply voltage of 300mV. Simulation results for when an inverter failed to switch is not 
included. Median delay is the same as the delay for a single run which was confirmed by the 
1000 Monte Carlo simulations. The delay values of the conventional inverter are shown as 
actual delays, while the delays of all the other inverters are presented as percentages of the 
conventional inverter’s delays. The delays of TP-DULV inverters operated at a supply voltage 
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of 300mV are fractions in comparison to conventional inverters, and the PVT variations 
enhance the benefits of the TP-DULV logic in terms of performance at ultra-low voltages. The 
simulated nominal delay of the TP-DULV inverter is 3% of the conventional inverter, and the 
simulated maximum delay is more than 100 times as low as the maximum delay of the 
conventional inverter. Moreover, the nominal delays of the TP-DULV inverters are only 
somewhat lower than the nominal delays of the ULV inverters, however the maximum delays 
of the TP-DULV inverters are several times (3.7 – 6.4) lower compared to the maximum delays 
of the ULV inverters.  

Furthermore, one huge advantage that ULV logic gates holds against TP-DULV logic 
gates it that the output of ULV logic gate can be cascaded to the preceding ULV logic gate 
within the same clock period since the precharged voltage at the evaluation gates of a ULV 
logic functions are constant. In other words, simple functions like inverters and so forth could 
be implemented in ULV logic, and the outputs of the simple functions could be passed to other 
simple functions and the final output could be provided at the end of the same period. The 
output of a simple function implemented in TP-DULV logic can not be passed to the preceding 
TP-DULV logic gate until the next clock period, and the clock signal frequency is limited at 
ultra-low voltages, meaning that the final output could possibly be ready a long time after the 
ULV logic.  

However, when the average complexity of the functions to be implemented are somewhat 
larger the TP-DULV logic could be a very good choice since the clock signal frequency 
limitations is not that critical when the evaluation times of the functions are higher. When the 
evaluation times of the logic functions are higher the margins for when the answer has to be 
finished at the end of the period could shrink from unnecessarily long to moderately long. 
However, as the complexity of the logic functions advances the chance of a failure increase. 
The maximal complexity of a TP-DULV logic gate should be carefully chosen to avoid the risk 
of not having time to obtain the correct output during the available period of time.   

 
Some valuable observations: 

- The simulated worst-case of         

        
 of a conventional L-𝑉   inverter performing on 

300mV is approximately 270, while the corresponding value for a TP-DULV inverter is 
~6. 
 

- The average delay of the TP-DULV inverter is only 15% higher than the median delay, 
while the corresponding value for the conventional inverter is 57%.  
 

- A TP-DULV inverter implemented with ultra-low-𝑉   transistors from the adopted library 
is approximately 20% faster at 300mV compared to L-𝑉  , but the transistor type has 
unfortunately only been valid for nominal simulations (not valid for Monte Carlo 
simulations).   
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Figure 5.2-4: Simulated holding values for TP-DULV and ULV7 inverters operated at a supply voltage of 
300mV that were generated from 50 Monte Carlo simulations. 

Figure 5.2-4 illustrates 50 Monte Carlo simulations of TP-DULV vs. ULV7 inverters operated at 
300mV when the output voltages should stay at the precharged voltage. The simulations 
where made to get a detailed view of the performance of the inverters when exposed for 
variations.  

The TP-DULV inverters provides excellent holding values for the original version as well as 
the Precharge to 0 version, and maintains output voltages even better than what is provided 
by the supply voltage headroom when PVT variations are taken into account. The ULV7 
inverters, on the other hand, demonstrate more sensitivity against process variations, and the 
ULV7 Precharge to 0 inverter failed to hold its low precharged voltage almost 1/3 of the time. 
When the PMOS evaluate transistor of the ULV7 Precharge to 0 inverter, which is handling 
supply voltage, became too strong it wrongly passed the high clock signal to the output during 
the evaluation. The ULV7 Precharge to 1 inverter managed to keep the logically correct high 
output voltages; however the voltage dip of approximately 40mV at the beginning of the 
evaluation phase, that appears because the NMOS evaluate transistor is weakly turned on at 
the time, might be problematic for the preceding gates when implemented in a ULV logic 
system.  
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Moreover, for the inputs that should make the ULV7 inverters hold the precharged voltage 
the inverter outputs suffer from voltage changes in the opposite direction of the correct output 
voltages before possibly settling to the correct voltage rail. Assuming correct operation, the 
precharged output voltages of the ULV7 inverters moves in the wrong directions (10-30% of 
the supply voltage when operated at 300mV) in terms of the correct output voltages before 
they are taken back by the keeper transistors. The transistor strengths near the threshold 
voltages varies widely, and since the evaluate gates of the ULV7 inverters are precharged to 
voltages near the threshold voltage the small voltage change in the wrong direction in case of 
an holding event might be large enough to falsely change the output of the evaluate gate to 
which it is attached. For large ULV logic circuits with many logic blocks in cascade it might be 
difficult to maintain robustness even with good layout techniques.  

 

 
Figure 5.2-5: Simulated switching values for TP-DULV and ULV7 inverters that were generated from 50 
Monte Carlo simulations. 

The inverters where also simulated with input transitions that should make the precharged 
output voltages switch to the opposite voltage rail. Figure 5.2-5 shows 50 Monte Carlo 
simulations for when there should be an output transition for the ULV7 and the TP-DULV 
inverters. The simulations show that the switching state for the TP-DULV’s is highly immune to 
process variations; no transitions fails, and the transitions occurs within a narrow time range.  
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The ULV7 inverters also show more sensitivity against PVT variations compared to the TP-
DULV inverters when the inputs of the inverters should generate output transitions from the 
precharged output voltages. The ULV7 Precharge to 0 inverter displays no false transitions but 
the transitions takes place within a wider timeframe (~200%) compared to the TP-DULV 
Precharge to 0 inverter, while the ULV7 Precharge to 1 inverter often fail to switch its outputs. 
The characteristics of the ULV7’s are inversed regarding the holding and the switching events; 
the ULV7 Precharge to 1 easily retains its high precharged output voltages while it often fails to 
switch, while the ULV7 Precharge to 0 repeatedly fails to hold its low output voltages while all 
output transitions are correct.  

The transistor dimensioning of the TP-DULV inverters and the ULV7 inverters could take 
advantage of treating the transistors as statistical rather than dimensioning the inverters based 
on nominal simulations. However, the Monte Carlo simulations of the TP-DULV inverters 
demonstrates fairly similar results to the nominal simulations, while the Monte Carlo simulation 
results for the ULV7 inverters is much worse than the nominal simulations. The results indicate 
that TP-DULV logic gates are much less affected by PVT variations compared to ULV logic. 
For the ULV7 inverters, the non-optimal matching as well as the difficulty to control the current 
near the threshold voltages which varies with PVT variations are distinguishable. The TP-
DULV inverters showed no false outputs while more careful scaling of the transistors for the 
ULV7 inverters would be needed.   

Another factor that further limits the ruggedness of ULV logic is that if the input signals 
arrives a significant time after the evaluation mode has begun, the keeper transistors can have 
charged/discharged the gate terminal of the evaluate transistor so that the impact of the input 
transition is smaller. After a certain time the precharge voltage at the evaluate transistor gate 
could be totally neglectable, and the resulting evaluate gate voltage after an input transition 
would approximately end up at 3/4𝑽   instead of 7/4𝑽   in case of a positive input transition 
or 1/4𝑽   instead of -3/4𝑽   in case of a negative input transition. The strength of the keeper 
transistors in ULV logic circuits determines the time it takes for the keeper transistors to turn off 
the evaluation transistors due to changes or lack of changes at the precharged output node 
after the evaluation phase has started. Hence, PVT variations make it hard to control the 
available time the input transitions have to arrive and the evaluate transistor leakage in ULV7 
logic systems, and both these factors have a negative impact on the robustness.    
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5.3 TP-DULV AND2 Gate  

 
Figure 5.3-1: TP-DULV AND2. 

Figure 5.3-1 shows a proposed dynamic AND2 gate. During the precharge phase (𝝓     the 
recharge transistor R1 is active and charges the output to  𝑽   while the other recharge 
transistors (Rp’s) charges the gates of the evaluate transistors EnA and EnB to the logically 
correct high (𝑽  ) or low (𝑮𝑵 ) input voltages that are to be evaluated during the evaluation 
phase. During the precharge phase there is a high supply voltage connected to the source 
terminals of the R1 transistor and the evaluation transistors; hence the output voltage gets 
precharged to 𝑽   regardless of how much the evaluation transistors are turned on. If the 
voltage at the gate terminal of an evaluate transistor is higher than the threshold voltage during 
the precharge phase, the evaluate transistor passes the clock signal to the output and “helps” 
with the recharging of the output voltage. During the evaluation (𝝓  0   all the recharge 
transistors are inactive, and the output holds its high voltage only if both the evaluate 
transistors are turned off. If one or both of the evaluate transistors are active the high 
precharged voltage disappears to 𝑮𝑵  (𝝓  𝑮𝑵 ).  
 
Truth table for TP-DULV AND2 

 
  

                             A B OUT 

0↓ 0↓ ↓0 

0↓ 1↑ ↓0 

1↑ 0↓ ↓0 

1↑ 1↑ 1 
Table 5.3-1: Truth table for a TP-DULV AND2. 

The truth table of the TP-DULV AND2 gate is displayed Table 5.3-1. If the input signal 
transitions where inverted the criteria’s for a NOR2 gate would be fulfilled, and the only 
required change would be to now send in the “true” signals at the capacitor input node and the 
inverted signals to the source terminals of the recharge transistors.   

If one of the two evaluate transistors are turned on at the time of evaluation the output will 
lose the precharged voltage to ground. To attain lower average power consumption the most 
common inputs should therefore generate an output that retains the precharged voltage ( 𝑩 = 
11 for the TP-DULV AND2 gate).  
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TP-DULV AND2 delay 
    VDD Median          Mean         Max       

200mV 3.6% 2.8% 5.8% 78% 

250mV 3.1% 2.0% 0.7% 29% 

300mV 4.1% 2.4% 0.3% 12.2% 

350mV 6.7% 4.2% 0.3% 9.0% 

400mV 11.6% 8.0% 0.6% 7.3% 

500mV 26.8% 22.5% 2.9% 13.1% 
Table 5.3-2: Simulated delay comparison for TP-DULV AND2/NOR2 vs. a similar circuit using standard input 
signals without any input capacitors and without precharging the gates. Results were collected through 
1000 Monte Carlo simulations at each supply voltage.  

The worst-case delay of the TP-DULV AND2 gate occurs when only one of the two evaluate 
transistors is active in the pull-down network ( ≠ 𝑩 . The worst-case delay of a TP-DULV 
AND2 (and NOR2) gate and the worst-case delay of a similar circuit that used “standard” input 
signals were simulated to collect data on how much performance is gained by the floating gate 
technique of TP-DULV logic at various supply voltages. The percentages in Table 5.3-2 
corresponds to the worst-case delay of the TP-DULV AND2 circuit compared to the worst case 
delay of the similar circuit that used standard input signals, i.e., with no recharge transistors or 
floating gates connected to the gates of the evaluate transistors (EnA and EnB).  

The nominal worst-case delay of the AND2 circuit that used the floating gate technique to 
increase the virtual gate voltages of the evaluate transistors ranged from ~4-30 times as low 
as the nominal worst-case delay of the AND2 gate that did not use the floating gate technique. 
The largest difference between the nominal worst-case delays where found at the lowest 
supply voltages. PVT variations make the transistor strengths vary widely at ultra-low voltage 
supplies, and if the threshold voltage of a transistor is not reached it could have a huge impact 
on the delay of the gate in which it is used. The difference between the maximum worst-case 
delays of the AND2 gates are even larger compared to the nominal worst-case delays. For 
supply voltages between 300-400mV the maximum worst-case delay of the TP-DULV AND2 
gate is ~170-330 times lower than the maximum worst-case delay of the AND2 gate that used 
standard input signals.   

Furthermore, the standard deviation ( ) holds the delay deviation from the nominal delay 
of the TP-DULV AND2 gate itself. The standard delay deviation indicates how close the 
nominal delay the simulated delays tend to be. To ensure robustness combined with speed, 
the worst cases of the worst-case delay are very important. The lowest relative variations of 
the delay for the TP-DULV AND2 was found at 𝑽   = 400mV where the 𝝈 was equal to 7.8%, 
corresponding to a 23% improvement from 𝑽   = 350mV. At a supply voltage of 400mV the 
standard-signal implementation of the TP-DULV AND2 gate had a standard delay deviation a 
hundred times higher than the TP-DULV AND2. The results clearly support previous 
indications; that threshold voltage variation distinctly affects the lowest defendable supply 
voltage for practical circuits. A supply voltage of 200mV could be a good option in some cases 
where the circuit is very simple and the need for speed is insignificant. However, the standard 
delay deviation of the AND2 circuit implemented with standard-signals at this low supply 
voltage was almost 2800% which calls for extreme margins since the delay is more or less 
random. The widely increased margins could raise the static energy contribution and possibly 
lower the energy efficiency by multiple times. The corresponding value for the TP-DULV 
AND2/NOR2 is 78%, making it much more predictable.  

The proposed two-phase logic; with increased voltage swings at the gate terminals, 
undoubtedly provides faster and more robust operation at ultra-low voltages compared to 
conventional logic.  
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Some valuable observations: 

- The simulated absolute worst-case delay for the TP-DULV AND2/NOR2 at 300mV and 
350mV was approximately 330 times lower vs. a similar circuit using standard-signals. 
 

- Even though the nominal delay at 500mV is “only” four times as low for the TP-DULV, 
the maximum delay is more than 34 times less. 

 
- At a supply voltage of 400mV, the lowest relative delay deviation from the nominal 

delay of the TP-DULV AND2 was found.  
 

- The standard deviation (%) for the delay of TP-DULV logic gates are up to thousand 
percent lower than for similar dynamic logic gates, without the voltage boost at the gate 
terminals, at ULV’s. 
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6 ULV VLSI Digital Design with TP-DULV Logic 

6.1 ULV and ULP System  

An ULV and ULP circuit could be designed powered by an energy harvesting system. The 
performance critical logic could be implemented using TP-DULV logic gates, and be put in 
sleep-mode while inactive. The performance non-critical always-on circuit triggering the 
operation modes of the duty-cycled system could be designed using conventional logic 
implemented using high-threshold transistors. Further, different building blocks that could be 
used in an ULV and ULP system will be described in this section.  

6.2 Clock Signal Generator 

The clock signals of TP-DULV logic blocks will be driving large loads. Producing strong, fast 
and robust clock signals at ULV’s is perhaps one of the most difficult tasks of TP-DULV logic 
design. The clock signals could be generated in many different ways; if conventional logic 
became the choice, there are some methods to achieve faster operation as earlier revealed. 
 

 
Figure 6.2-1: Three inverters with different transistor types and body biasing that were used to generate 
strong clock signals at a supply voltage of 400mV.  

In Figure 6.2-1 three different inverters of the same size (in schematic view) are displayed. The 
inverters where simulated with the main goal of finding out how much performance could be 
gained by the speed-increasing methods previously learned.  

The PMOS transistors of all the inverters had 40 fingers to fairly match the strength of the 
10-fingered NMOS transistors. The signal 𝑷𝑯     was generated from an inverter that was 
reversed body biased and employed standard-threshold transistors, while the other inverters 
had clock signals attached to the bulk terminals combined with L-𝑉   (low-threshold) and UL-
𝑉   (ultra-low-threshold) transistors to create the signals 𝑷𝑯  𝑽  and 𝑷𝑯   𝑽 . Attaching clock 
signals to the bulks were made to decrease the effective threshold voltage when the output 
signals should be high so that the output signals gets stronger, and to increase the effective 
threshold voltage when the output signals ought to be low, to reduce the static power 
consumption. The bulk biasing technique provides both stronger ones and better zeroes, but 
on the down-side, the bulk connection might be difficult when it comes to the layout and it may 
cause a huge area expense. If the connection gets problematic, a FBB could then be used 
instead and provide the same speed but with some additional leakage. 
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Figure 6.2-2: Clock signals generated with different transistor choices at VDD = 400mV. 

Nominal simulations of the inverters (Figure 6.2-1) while driving a relatively large capacitive 
load of 20fF to resemble the load of the TP-DULV logic design where simulated at a supply 
voltage of 400mV (Figure 6.2-2). The fastest switching are provided by the UL-𝑉   version; 
needing only 24% of the time compared to the S-𝑉   variant for its negative transition, from 
95% of the positive supply voltage down to 5% of the positive supply voltage, and only 28% for 
its positive changeover (Table 6.2-1). The clock signals generated by the inverters indicate that 
it would be possible to generate clock signals of at least a few hundred megahertz using 
conventional logic at a supply voltage of 400mV in the adopted technology by using 
performance-increasing methods. 
   

Inverter switching        

Output transition S-Vth L-Vth UL-Vth 

From VDD to 5% of VDD 
1142ps 
(100 %) 

444ps  
(39 %) 

265ps 
(23 %) 

From GND to 95% of VDD 
1320ps 
(100 %) 

583ps 
(44 %) 

364ps 
(28 %) 

Table 6.2-1: Inverter transitions. 

6.3 Subthreshold Ultra-Low Voltage Always-on Circuits 

Generally, conventional logic is a good option for performance non-critical circuits operating in 
the subthreshold region. Due to the PVT variations ratioed logic styles might obtain problems 
with functionality. If speed is not of importance the large impact of the process variations below 
and near the threshold voltage can be acceptable. What matters is that the work is done 
before the time-limit; we do not want to pay extra to have it done way ahead of the finish line.  
 

 
Figure 6.3-1: A 3-input XOR logic gate. 
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Always-on circuits for subthreshold operation are usually very simple and operate at 
frequencies in the kilohertz region. The 3-input XOR gate in Figure 6.3-1 was simulated with 
standard- and high-threshold transistors to compare the delay and the power consumption at a 
very low frequency (1 KHz). At low frequencies the static power consumption tends to have a 
large impact on the total energy dissipation. The XOR gates used minimum sized NMOS 
transistors and strengthen PMOS transistors which where strengthen to match the strength of 
the minimum NMOS transistor. In a VLSI system the always-on circuit could be driving a 
power gating circuit that in its turn controls the voltage supply of a faster block. Figure 6.3-2 
shows the output transitions of the two different 3-input XOR implementations carried out by 
100 Monte Carlo simulations. The simulations were made with a large output load to be similar 
to the input capacitance of a power gating circuit. The chosen output load was 𝐶  = 500fF; a 
load several 100 times larger than the input capacitance of a minimum sized transistor in the 
adopted technology.  

The XOR gate using standard-threshold transistors generally proved a higher 
performance for the falling edges compared to the high-threshold version, as expected. 
However, some of the outputs of the standard-threshold 3-input XOR gate ended up just below 
𝑽  /2, while poor logic zeroes for the slower H-𝑉   XOR gate interestingly never occurred.  

For the rising edge, the S-𝑉   implementation demonstrated much faster transitions 
compared to for the falling edge, revealing that the PMOS transistors in this case could have 
been weaker. The slower 3-input XOR gate using H-𝑉   transistors had more equal rising and 
falling edges for the output and none of its transitions failed.  Moreover, if an always-on circuit 
was running at a frequency as low as 1 KHz, the time available for a computation would be 
             

 

    ∗ 
  00 𝑆, which is a 100 times longer time than what is shown in Figure 

6.3-2. This means that either much more complicated functions than the XOR3 gate could be 
implemented with high-threshold transistors at 𝑽   = 400mV, and a clock frequency of 1 KHz, 
or that much higher frequencies could be used.  

 
Figure 6.3-2: Results for 100 Monte Carlo Simulations of the output transitions of a 3-input XOR 

implemented with standard- and high-threshold transistors.     500fF. 

The standard-threshold transistor implementation of the 3-input XOR gate is undoubtedly 
faster than the high-threshold transistor implementation. However, when the need for 
performance is less significant, the performance of a conventional logic gate implemented with 
high-threshold transistors might be sufficient. 1000 Monte Carlo simulations were made to 
compare the average power consumption of the two 3-input XOR gates (Figure 6.3-3) when 
the inputs shifted “randomly” through 30 periods with a frequency of 1 KHz. The average 
power consumption for the 3-input XOR consisting of high-threshold transistors was only 4% 
of the standard-threshold version, and the standard deviation of the average power 
consumption was only 23.5% compared to 44.3%. The simulations points out the huge 
advantages less leaky transistors hold against more leaky transistors when speed is not 
important.  
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Figure 6.3-3: Power consumption of a 3-input XOR gate operated at f = 1 KHz. The circuit was implemented 
with standard- and high-threshold transistors and the results are based on 1000 Monte Carlo simulations.  
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6.4 TP-DULV Building Blocks for VLSI 

 
Figure 6.4-1: Different PDN building blocks for TP-DULV VLSI digital design. 

TP-DULV logic blocks could possibly be generated in a high-level description language. 
Simulations could determine the highest possible stacking factor and/or the maximum number 
of transistors in each TP-DULV logic gate, and a high-level description could slice up functions 
too large to be achievable in a single TP-DULV logic gate. A set of useful building blocks are 
displayed in Figure 6.4-1. By applying “original” signals at the capacitor input node of 
transistors in series in the PDN, NAND functions are fulfilled. Inverted transitions at the input 
nodes together with inverted voltages at the source terminals of the recharge transistors in this 
case translate to OR gates. Original and inverted input switching during the evaluation, when 
the transistors in the PDN are in parallel performs NOR and AND gates, respectively.  

With these building blocks any logic function could be accomplished, and by allowing 
inverters attached to the output nodes AND, NAND, OR and NOR gates could be designed 
both by applying transistors in parallel or in series. This might be very useful to help avoiding 
large area or speed penalties caused by stacking transistors, and at the same time ensuring 
fast and trustworthy operation.   
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Figure 6.4-2: Simulated results for  ̅ =ABCD+EFGH+IJKL implemented with conventional and TP-DULV 
logic. The data where generated from 100 Monte Carlo simulations with       . The PUN’s, and the 
recharge transistors plus the input capacitors of the TP-DULV logic gate are not shown in the figure.  

The decreased delay of TP-DULV logic compared to conventional logic could be used in 
robust ultra-low voltage circuits where speed is of some importance. To further compare the 
performance between the TP-DULV and the conventional logic a function using a total of 12 
evaluate transistors in the pull-down network was implemented in each logic style. Figure 
6.4-2 shows simulations of the output of three NAND4 gates in parallel implemented in TP-
DULV logic and conventional logic operating at a supply voltage of 400mV. The results are 
based on the worst cases of the inputs to ensure correct operation at the chosen frequencies 
despite of PVT variations. With a capacitive load equal to 4fF the outputs where driving a load 
similar to the one appearing when cascading the output.  

The NMOS evaluate transistors was of equal size in the PDN’s, while the TP-DULV gate 
had some additional area in the PDN coming from the 12 minimum sized recharge transistors 
and the 12 input capacitors of 1fF each. For the PUN’s; the single PMOS recharge transistor 
R1 of the TP-DULV circuit was implemented with 12 fingers to ensure that the output would be 
able to recharge the output voltage all the way to 𝑽   during the precharge phase, and the 
conventional circuit needed 12 PMOS transistors of the same size as R1 to establish its PUN. 
Hence, the added area in the PDN of the TP-DULV logic was more than compensated for by 
the PUN’s. The simulations show that the TP-DULV implementation is robust, and that it can 
handle a function realized with a stacking factor of 4, and three branches, at a supply voltage 
of 400mV and a clock signal frequency of no less than 200MHz. No failures for the high or low 
outputs are visible, and the worst simulated delay of the TP-DULV is approximately 4% 
compared to the conventional design (~1.5ns vs. ~35ns).  
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Figure 6.4-3: Better implementation of a NAND12 function. 

By applying a static inverter at the output and invert all input signals the maximum stacking 
factor could possibly be changed into the maximum number of pull-down branches in a TP-
DULV gate. Hence, with this technique the number of transistors in series could potentially be 
changed into the number of transistors in parallel. For instance, a NAND12 gate would need 
12 NMOS transistors in series to be realized with the NAND building block, and 12 NMOS 
transistors in parallel together with an inverter using the AND building block instead (Figure 
6.4-3). In the same manner other logic functions could be implemented, and the best 
implementation could potentially be auto-generated using a high-level description language.  

To ensure robustness, and to keep the area at bay, the stacking factor for the proposed 
TP-DULV logic style should preferably be kept at maximally ~4-5 at 𝑽   = 400mV and      = 
200 MHz, and the number of branches at maximally ~10-15. Various simulated functions 
implemented with TP-DULV logic indicate that a supply voltage of 400mV perhaps would be 
close to the lowest practically defendable supply voltage when implementing rather large 
functions at a high clock frequency. A supply voltage of 400mV might also be near the lowest 
in terms of the possibility of generating trustworthy, strong clock signals. A TP-DULV AND12 
gate using 12 NMOS evaluate transistors in parallel for the PDN (Figure 6.4-4) was simulated 
at 350mV and 400mV (Figure 6.4-4), showing that the when only 1 of the 12 transistors in the 
PDN was dragging down the output voltage during the evaluation phase when 𝑽   = 350mV it 
many times failed, while no failures where to be found for 𝑽   = 400mV. At 400mV the worst 
simulated worst-case delay was equal to ~400ps, providing large output settling margins at the 
chosen      of 200 MHz. Moreover, the additional 50mV added to the supply voltage of 400mV 
resulted in a simulated worst-case delay of almost 30 times as low as for 𝑽   = 350mV.  

 

 
Figure 6.4-4: Simulated outputs of a TP-DULV AND12 gate. Each simulation is based on 100 Monte Carlo 
simulations. 
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6.5 TP-DULV Signal Converter 

A high input to a gate terminal used in conventional logic translates into applying 𝑽   to the 
gate terminal, while a low input corresponds to applying 𝑮𝑵 . A high input of a TP-DULV logic 
evaluate gate is equal to a precharged voltage of 𝑽   at the gate terminal combined with a 
positive transition at the capacitor input node during the evaluation phase that increases the 
voltage at the floating gate terminal. In the same manner a low input of a TP-DULV logic 
evaluate gate is equal to a precharged low voltage followed by a negative transition leaving a 
negative voltage at the floating gate terminal at the time of evaluation. The output of a TP-
DULV logic gate is 𝑽   or 𝑮𝑵 , and the output voltages should be converted into valid inputs 
of the preceding TP-DULV logic gate. 

The proposed TP-DULV signal converter circuit is connected to the input capacitor node of 
the preceding TP-DULV logic block, and the converter converts a high voltage into a low 
voltage for the precharge phase followed by a high transition during the evaluation phase. The 
converter also provides the correct voltages to the recharge transistor of the preceding TP-
DULV logic block during the precharge and evaluation phase. A signal converter that handles 
true inputs and another signal converter that takes on inverse inputs has been designed 
(Figure 6.5-1). The converter handling inverse inputs removes the need for a static inverter at 
the outputs of TP-DULV logic functions. The converter architectures can be compared to a 
multiplexer (section 2.2) that either passes the input value or the inverted input value. 

Furthermore, when PDN1 is evaluated (𝝓   ↓ 0 and 𝝓  0) the output (figure a) or the 
inverted output (figure b) is passed to the inactive recharge transistor connected to the gate 
terminal of the NMOS evaluate transistor of PDN2 that is going to evaluate the output from 
PDN1. When 𝝓  = ↑1 the precharge phase of PDN2 begins and the recharge transistor 
passes the correct precharge voltage to the evaluate gate terminal, while the capacitor input 
node of PDN2, through the transmission gate TGM2, is provided with the inverted voltage of 
what is to be evaluated. Hence, the gate of the evaluate transistor in PDN2 is being recharged 
to the logically correct evaluation voltage (inverted or non-inverted, depends on previous 
stage) through Rp, and the logically false voltage is attached to the input capacitor. When 
𝝓 ↓ 0  the evaluation phase of PDN2 starts, and the evaluated output (figure a) or the 
evaluated inverted output (figure b) coming from PDN1 is clocked in at the capacitor input 
node of PDN2 through TGM1. The extra inverters in the converter circuit help to create the 
signals needed, and are also driving the current, meaning that there no longer is a limit to how 
long the output signals of the TP-DULV logic blocks can be valid. The 4 NMOS transistors 
used in the converters can be minimum sized and the 4 PMOS transistors can have 3-4 
fingers each to match the strength of a minimum sized NMOS transistor. To maximize the 
performance of the converters, that where implemented using conventional logic, low-
threshold transistors combined with FBB became the choice. The converter that handles the 
output coming from a PDN2 is similar to the converters illustrated in Figure 6.5-1 except that it 
is being clocked with 𝝓  signals.  

Moreover, the additional area coming from the converter circuitry is relatively small in 
comparison to PDN’s establishing medium or large functions, and since the converters are 
simple the conventional logic implementation showed sufficient performance at the simulated 
supply voltage of 400mV with a clock signal frequency equal to 200MHz.  
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Figure 6.5-1: TP-DULV signal converters that handles true inputs (a) or inverted inputs (b). 
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Figure 6.5-2: TP-DULV cascading example. 

To test the performance of the designed converters, the converter in Figure 6.5-1b) was 
simulated according to the setup illustrated in Figure 6.5-2; a cascade between the NAND12 
function in Figure 6.4-3 and a NOR2 gate (Figure 6.4-1) where the input A of the NAND12 
gate decides the final output.  

To realize the NAND12 gate the output has to be inverted, therefore the Converter #1i 
that takes on inverted inputs is being used. The inverted output of PDN1 is high if A is low 
since all the other transistors in the NAND12 gate are turned off, and if A is high it drags the 
high precharged output voltage low. In other words, the voltage at the output node of PDN1 is 
equal to  ̅, meaning that the input of the NOR2 gate is equal to A since the NAND12 gate 
provides an inverted input. The truth table for the signals in Figure 6.5-2 is illustrated in Table 
6.5-1.  

 
Truth table    (from Figure 6.5-2)   

A Input to NOR2 EnB OUTPUT 

0 0 0 1 

1 1 0 0 
Table 6.5-1: Truth table for Figure 6.5-2. 

In the example the input of EnB in PDN2 is low, meaning that the input coming from 
Converter#1i that is equal to A decides the output of the NOR2 gate. If A is high, the high 
precharged output voltage of the NOR2 gate goes low, and if A is low, the high precharged 
voltage remains. Nominal simulations for A = 1 and A = 0 are presented in Figure 6.5-3 and 
Figure 6.5-4. The output was connected to a capacitive load of 2fF as shown in Figure 6.5-2 to 
resemble the load of the preceding converter circuit. 

Consider A = 1, at 2.5ns the (inverted) output from PDN1 switches from its precharged 
value down to 𝑮𝑵  extremely fast. This translates to a high input of PDN2 during its 
evaluation since Output from PDN1 is inverted. At 5ns, the recharge value of PDN2’s 
precharge phase is correctly high, and Input to NOR2 starts to fall, reaching 𝑮𝑵  a long time 
before the beginning of the evaluation phase. When the evaluation arrives at 7.5ns the input to 
the NOR2 gate goes high, and the final output quickly goes low due to the boosted gate 
voltage at the gate terminal of the evaluation transistor.  

For A = 0, Output from PDN1 goes well beyond 𝑽   at the time of evaluation (2.5ns), 
and is stabilized by the inverters in the converter circuit. When the precharge phase of PDN2 
begins Recharge is low and the input signal that is to be evaluated during the evaluation 
phase of the NOR2 gate starts to increase. During the evaluation phase of the NOR2 gate 
Input to NOR2 switches to 𝑮𝑵  and the output goes beyond the rail since it is connected to a 
capacitive load of 2fF. The simulations show excellent high and low output values; the low 
outputs of the PDN’s appear a very short time after the arrival of the evaluation phases, and 
the high outputs never goes below 𝑽  .  
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Figure 6.5-3: Simulation of cascading example (Figure 6.5-2) for A = 1 and       . 

 

 
Figure 6.5-4: Simulation of cascading example (Figure 6.5-2) for A = 0 and       . 
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6.6 TP-DULV Full Adder 

Truth table for 
a 1-bit Full Adder 

 
      

A in B in Carry in Carry out Sum out 

0 0 0 0 0 

0 0 1 0 1 

0 1 0 0 1 

0 1 1 1 0 

1 0 0 0 1 

1 0 1 1 0 

1 1 0 1 0 

1 1 1 1 1 
Table 6.6-1: Truth table for a 1-bit Full Adder. 

Adder circuits are widely used in digital electronics. The truth table for a 1-bit full adder is 
shown in Table 6.6-1, and the principle of full adders was described in section 2.2.  
 

 
Figure 6.6-1: The Mirror Full Adder. 

A symmetrical adder, also known as the Mirror Adder (Figure 6.6-1), is a better adder than the 
more straight-forward complex-gate implementation.  A TP-DULV 1-bit full adder (Figure 6.6-2: 
TP-DULV FA.Figure 6.6-2) was carried out and compared to the Mirror Adder. Starting from 
the left in Figure 6.6-2, the sum function of the TP-DULV full adder (FA) is realized. If  ̅ is high, 
the sum output goes low if A = B, and if C is high, the output goes low if A ≠ B. Otherwise, the 
sum output stays at its precharged high voltage. For the carry function to the right in the figure, 
the output goes low if two of the inverted inputs are high. For any input combination that is 
pulling the carry output low there are at least two active branches in the PDN. For instance, if 
AB = 0 (  ̅�̅�   ), the leftmost and the middle branch are pulling the output low. This 
guarantees additional speed and reliability compared to if only one branch where dragging the 
output voltage low.  
 
1-bit Full Adders 
Full Adder Area Nominal sum delay Nominal  carry delay 

Mirror Full Adder 100 % 100 % 100 % 

TP-DULV FA 62 % 3.4% 4.2% 
Table 6.6-2: Area and delay of a Mirror FA and a TP-DULV FA. 
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The area of the TP-DULV FA, based on schematic considerations only and not accounting for 
the area of the input capacitors since the capacitors could be put in a different layer in the 
adopted technology, was only ~62% (without the signal converters) compared to the Mirror 
Adder (Table 6.6-2). The estimated area of the TP-DULV FA including the signal conversion 
circuitry needed at the output is approximately the same as for the Mirror Full Adder. The fact 
that the area of the TP-DULV FA was comparable to the Mirror Adder, even though the TP-
DULV FA needs additional signal converters and recharge transistors, is due to the area saved 
by not having any PUN (except for the recharge transistors R1S and R1C).  

The nominal delay for the sum output was almost 30 times lower for the TP-DULV FA vs. 
the Mirror Full Adder, and the nominal delay of the carry output was approximately 24 times as 
low.  

 

 
Figure 6.6-2: TP-DULV FA. 

 

 

Figure 6.6-3: Outputs and nominal delay of a TP-DULV FA.         

To compare the energy-efficiency the PDP, EDP and PDDDP of the TP-DULV FA and the 
Mirror Adder were calculated (Table 6.6-1). The critical delay path of the full adders is the 
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worst-case delay for the carry output that occurs when only one of the three inputs is high. The 
carry signal is the most critical since it may be passed to waiting a preceding full adder. The 
PDP of the TP-DULV FA is 63% compared to the Mirror FA, and the EDP of the TP-DULV FA is 
almost 40 times lower than the EDP of the Mirror Adder. The values are nominal and where 
generated from a period of switching, and do not account for the energy contribution coming 
from generating the input signals.  

Moreover, the PDDDP of the TP-DULV FA, which may be used in some cases where 
performance is very important, is over 90 times better than for the Mirror Adder.  
 
PDP / EDP / PDDDP 
Full Adder PDP EDP PDDDP 

Mirror Full Adder 100 % 100 % 100 % 

TP-DULV Full Adder 63 % 2.6% 0.11% 
Table 6.6-1: PDP, EDP and PDDDP of TP-DULV FA and the Mirror FA. 

Moreover, to further investigate the tolerance against PVT variations of conventional logic at 
𝑽   = 400mV, a 32-bit Mirror Adder chain was simulated (Figure 6.6-1). The first adder in the 
chain produced a carry output that was passed through the preceding full adders until the final 
carry out of the 32nd full adder was produced. The simulated maximum time it took for the final 
carry to arrive was approximately 10 times longer compared to the minimum time. Hence, 
random process variation is heavily affecting the performance of the Mirror Adder at this supply 
voltage, meaning that to achieve a high yield very large margins would be needed which would 
result in low performance, and if performance where important the yield would be low.  
 

 
Figure 6.6-1: The last carry out of a 32-bit Mirror FA chain. Results  where generated from 50 Monte Carlo 
simulations. 
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Conclusions 

A new logic style has been developed as a branch of the existing ULV logic. The new Two-
Phase Dynamic Ultra-Low Voltage (TP-DULV) logic offers much lower switching delays and 
more robustness at ultra-low voltage supplies compared to conventional and dynamic logic. 
The TP-DULV logic may be extra interesting for ultra-low power applications using energy 
harvesting systems, and for systems that benefit from pipelining. With the increased virtual 
voltage swing at the gate terminals of the TP-DULV logic gates, the TP-DULV logic may almost 
guarantee operation above the threshold voltage at ultra-low voltage supplies. At the same 
ultra-low voltage supply the TP-DULV logic gates operating above the threshold voltage could 
be combined with conventional logic gates using with high-threshold transistors and almost 
guaranteeing subthreshold operation. 
 

Further Work 
 

Future research topics include: 
 

- Further schematic simulations of TP-DULV logic gates. 
 

- Trying layout of TP-DULV logic gates. 
 

- Design of a strong clock signal generator operating at ultra-low voltage supplies; 
regarded as one of the most challenging bottlenecks in TP-DULV logic design.  

 
- Design of a ULV and ULP system using TP-DULV logic and the converter design. 

 
- Manufacturing and testing of a ULV and ULP system using TP-DULV logic. A parallel 

adder using the proposed TP-DULV FA cells could be a good option. 
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